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Phenotypic non-specificity is a phenomenon in which the phenotypes associated with the 
expression of a given Transcription Factor (TF) are induced or rescued by multiple distinct 
TFs. Importantly, this phenomenon is observed with TFs from different protein families 
that recognize distinct DNA binding sites. To further analyze this phenomenon in 
Drosophila melanogaster, experiments were initiated for the purpose of integrating non-
resident TFs into target TF loci via recombinase mediated cassette exchange (subsequent 
to the introduction of attP sites at the TF loci by CRISPR mediated homology directed 
repair). Contrary to expectations, no homologous recombinants were identified during the 
initial CRISPR mediated attempts at gene editing. However, three w+ non-homologous 
recombinants were identified: two when targeting bcd (Bcd 4 and Bcd 39) and one when 
targeting Scr (Scr-D1). Bcd 4 and Bcd 39 were the result of transposition of the w67c23 allele 
into the first intron of the osp gene; whereas Scr-D1 was the result of the insertion of the 
mini-white gene from the Scr repair template into the genome (with hallmarks of 
transposition). These non-homologous recombination events suggest that DSBs activate 
transposable element mobilization. In an alternate approach for studying phenotypic non-
specificity, the UAS-GAL4 system was used to express non-resident TFs and assess the 
functional complementation of loss-of-function alleles at several TF loci. The rescue of six 
TF loci (lab, Dfd, Scr, Ubx, dsx and fru) was determined using at least 12 non-resident TFs. 
Five out of the six TF loci were rescued by non-resident TFs: lab was rescued by expression 
of DSXM; Scr was rescued by expression of FOXO; Ubx was rescued by expression of 
ANTP and EY; dsx phenotypes were rescued to different extents by the expression of a 





the rescue was non-uniform across the pleiotropic phenotypes that depend upon the 
expression of the resident TF. This suggests that the phenomenon of phenotypic non-
specificity is differentially pleiotropic. 
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Summary for lay audience 
Transcription is the process of copying the DNA sequence of a gene into RNA. 
“Transcription factors” (TFs) are a class of important proteins that regulate this process by 
binding to specific DNA sequences adjacent to the gene, thereby turning genes “on” or 
“off”. Traditionally, each transcription factor is thought to have its own distinct preference 
with respect to the DNA sequences it binds. Therefore, the function of transcription factors 
is specific (i.e., that a transcription factor can only regulate a certain number of genes). In 
my research, I observed multiple occasions of “phenotypic non-specificity” of transcription 
factors. The results of my research shows that specific transcription factors have the 
potential to regulate many more distinct genes than expected, and that the function of a 
transcription factor can be replaced or substituted by another transcription factor. My 
research indicates that current paradigms of transcription factor function and TF- DNA 
interaction are not comprehensive and that further studies in this area are needed. 
Furthermore, I discovered that DNA. damage (DNA double strand breaks) caused by the 
genetic tool, CRISPR, may destabilize the genome of the organism being manipulated and 
potentially create unexpected mutations. This discovery should be taken into consideration 
with regards to the future implementation of CRISPR, especially with respect to clinical 
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Chapter 1. Introduction 
1.1 Transcription factors and the regulation of development: A crucial questions in 
developmental biology relates to how a complex organism develops from a single-celled 
fertilized egg. Cell fate determination is vital for the initial genetically identical, totipotent 
cells to form the specialized cells required for constructing a complex organism. The 
diversity of specialized cells is achieved through the response of undetermined cells to 
external and internal information, which determines cell fate resulting in differential gene 
expression. The regulation of the rate of transcription initiation is a major mechanism that 
controls gene expression and is mediated by transcription factors. Transcription factors 
(TFs) are proteins that bind to cis-regulatory elements (enhancers and silencers) and 
regulate the rate of transcription initiation (Latchman, 1993). Cis-regulatory elements 
(CREs) are non-coding DNA sequences composed of binding sites for transcription factors 
(Ong & Corces, 2011; Wittkopp & Kalay, 2012). Enhancers are typical examples of CREs 
(Ong & Corces, 2011). Enhancers interact with promoters to regulate gene expression 
(Heintzman & Ren, 2009).  
 
TFs control and regulate the expression of genes such that the correct set of genes are 
expressed in the correct cell and at the correct time during development. One common 
characteristic of TFs is that they possess a DNA binding domain, which binds to the 
transcription factor DNA-binding sites in target genes (Mitchell & Tjian, 1989; Ptashne & 
Gann, 1997). TFs are organized into protein families based on the amino acid sequence of 
their DNA binding domains (DBDs) (Jin et al., 2014; Matys et al., 2006; Ptashne & Gann, 




finger (ZF), basic leucine zipper (bZIP) or basic helix-loop-helix family (HLH) DBDs are 
members of large protein families (Lambert et al., 2018). TFs often form dimers 
(homodimers or heterodimers) and specifically bind to a short stretch of nucleotides 
(typically 6-12 nucleotides) (Gurdon, 2016; Vinson et al., 2011).  
 
1.2 Advantages of Drosophila as a model organism: Drosophila melanogaster, is an 
attractive model organism for research in the fields of molecular biology, developmental 
biology, genetics, and neuroscience. D. melanogaster was first used as a research organism 
by William E. Castle in 1901 at Harvard University. However, it was not used as a model 
organism for genetic studies until 1909, when Thomas Hunt Morgan from Columbia 
University found a fly with a white-eye mutation, which he subsequently characterized 
uncovering the chromosomal basis of inheritance (Morgan, 1910). During his 25-year-
research career at Columbia, Morgan and his lab members made some of the most 
influential discoveries in Genetics using Drosophila as a genetic model system. These 
discoveries include the first genetic map by Sturtevant in 1913, the discovery of genetically 
inheritable homeotic mutants by Bridges in 1915 (Bridges, 1915), and the creation of 
balancer chromosomes by Muller in 1918 (Muller, 1918). Morgan won the Nobel prize in 
Physiology or Medicine in 1933 for his contributions to the establishment of the 
chromosome theory of inheritance. Since these discoveries and subsequent decades of 
continued research, Drosophila melanogaster has become a sophisticated genetic model 
organism. 
 




the basis of complex traits and gene-gene and gene-environment interactions. Drosophila 
takes only ten to fourteen days at room temperature from the time the egg is laid until an 
adult fly eclose from a pupal case. This short generation time greatly increases the rate of 
experimental analysis. Also, females are very fecund laying an average of 700-1000 eggs 
externally (Bownes et al., 1989) which facilitates sample collection and experimental 
manipulation (Ashburner et al., 2005). Drosophila embryonic development occurs after 
external oviposition allowing observation and genetic dissection of development 
(Ashburner et al., 2005). Lastly, Drosophila is relatively inexpensive to maintain in the lab 
and is easy to work with in large numbers. Since the functions of many important genes 
are well conserved across evolution, information gained from the study of genetic pathways 
in Drosophila can be applied to other organisms that cannot be so easily manipulated in 
the laboratory (Ashburner et al., 2005).  
 
In addition to having a sophisticated genetic system, Drosophila is also a sophisticated 
genomic and developmental system. With more than 100 years of research, the life history, 
physiology, behavior, and life cycle of Drosophila are well characterized. The 
sophisticated analysis of the life cycle makes Drosophila an ideal organism to study 
development. In addition, the recent detailed analysis of the cell biology of neural 
connections (connectomes) makes Drosophila a sophisticated model organism for 
neurobiology. The genome of Drosophila is relatively small and is composed of 4 
chromosomes (around 180 Mb in total) that carry 15,504 genes: the sex chromosomes (X 
and Y; Figure 1) and three sets of autosomes (chromosome 2, 3, and 4; Figure 1). Of 




and annotation are of the highest quality of any sequenced organism (Adams et al., 2000; 
Shah et al., 2019). The genomic DNA sequence data of Drosophila is combined with 
knowledge derived from Drosophila genetics, biochemistry and physiology in a publicly 
accessible database, called FlyBase (dos Santos et al., 2015). Also, many mutant and 
transgenic fly lines are available from stock centers. In 2007, the genomes of an additional 
12 Drosophila species were also sequenced, making Drosophila a great model for the study 
of evolution (Drosophila 12 Genomes et al., 2007). The availability of sequence data from 
these 12 species, which were chosen based on their evolutionary distance from D. 
melanogaster, has and will facilitate discovery of conserved motifs, the identification of 
new genes, and will assist in further annotation of the D. melanogaster genome.  
 
Figure 1. Mitotic chromosomes of Drosophila indicating euchromatic Regions, 
heterochromatic regions, and centromeres. The top two figures show the mitotic 
chromosomes of Drosophila, female on the left and male on the right. The bottom is a 
diagram of the structure of the chromosomes. Arms of the autosomes are designated 2L, 
2R, 3L, 3R, and 4R. Arms of the sex chromosomes are designated XL, YL and YS. Grey 
color represents heterochromatin and black is euchromatin. This figure is adapted from 




GAL4-UAS: The GAL4-UAS system is a commonly used genetic tool in Drosophila to 
drive expression of a gene of interest (Brand & Perrimon, 1993). It is such a powerful and 
versatile genetic tool that it is often referred to as the “Swiss army knife” of Drosophila 
genetics (Duffy, 2002). The GAL4 protein is a yeast transcription factor that has no 
endogenous targets within the Drosophila genome. The upstream activation sequence 
(UAS) is an enhancer, which is specifically bound by the TF, GAL4. When the GAL4 
protein binds to the UAS sequence, the gene fused to the UAS sequence is expressed. The 
UAS-GAL4 is a binary approach, in that the UAS sequence (fused to the specific gene of 
interest) is kept in one fly line and GAL4 (fused to a promoter and tissue-specific enhancer) 
is kept in another. Only when these two lines are crossed is the gene of interest expressed 
in cells expressing GAL4 of the subsequent progeny. The advantage of the binary approach 
is that the functions of different target genes can be analyzed when expressed at distinct 
times and in distinct cells using the array of tissue-specific GAL4 driver lines available 






Figure 2. The bipartite design of the Drosophila UAS-GAL4 system. The gene of 
interest (Gene X) is fused to the UAS sequence and kept in one fly line. GAL4 is fused to 
a tissue-specific promoter and is kept in another. In the progeny of a cross between the two 
lines, the GAL4 protein will bind to the UAS sequence and activate the gene of interest in 




1.3 Genetic regulation of Drosophila embryogenesis: One common characteristic of the 
body plan of bilaterians is repeated, metameric units (segments) (Carroll et al., 2004). In 
Drosophila, the body is segmented into 15 units: three head, three thoracic and nine 
abdominal segments (Martinez-Arias & Lawrence, 1985). The process of the segmentation 
and structure of the body plan is controlled by a regulatory hierarchy of five sets of genes: 
maternal effect genes, gap genes, pair rule genes, segment polarity genes, and homeotic 
genes (Figure 3) (Carroll et al., 2004). Most of the genes of this hierarchy encode TFs 
(Carroll et al., 2004). 
 
Maternal effects genes are the first-class of genes to act in the hierarchy. During oogenesis, 
RNA transcripts of maternal effect genes are transported to the egg and translated after 
fertilization to organize the coordinates of the developing embryo (Johnston & Nüsslein-
Volhard, 1992). For example, the mRNA of the maternal effect gene, bicoid (bcd), is 
localized in the cytoplasm at the future anterior pole of the egg and is translated after 
fertilization (Carroll et al., 2004; Johnston & Nüsslein-Volhard, 1992). The Bicoid (BCD) 
protein forms a concentration gradient that determines the anterior to posterior (A-P) axis 
of the embryo (Carroll et al., 2004; Johnston & Nüsslein-Volhard, 1992). A mother 
homozygous for a bicoid loss-of-function allele produces larval progeny in which the head 
and thoracic segments are missing (Driever & Nüsslein-Volhard, 1988). Maternal effect 
proteins regulate the expression of the second set of segmentation genes, the gap genes. 
 
Gap genes are amongst the first zygotically expressed genes and are transcribed in spatially 




tailless, giant, hunchback, Krüppel, and knirps (Johnston & Nüsslein-Volhard, 1992). 
Loss-of-function alleles in gap genes result in the loss of multiple, contiguous segments. 
The Gap proteins regulate the expression of the third class of segmentation genes, the pair 
rule genes. 
 
Pair rule genes are expressed in a pattern of seven one segment wide stripes (Rivera-Pomar 
& Jãckle, 1996). In embryos homozygous for pair rule loss-of-function alleles, every other 
segment is deleted (Nüsslein-Volhard et al., 1984; Wakimoto & Kaufman, 1981). The Pair 
rule proteins regulate the expression of segment polarity genes, which establish the anterior 
– posterior polarity within a segment. After the body is segmented by the first four sets of 
genes, the expression of the fifth set, Hox genes, determine the distinct morphologies of 
the segments; the segmental identity (Capovilla et al., 1994; Heffer et al., 2010; Pearson et 
al., 2005). 
 
The term “homeosis” was used by William Bateson in 1894 to describe the phenomenon 
whereby one body part or organ of an organism is transformed into the likeness of another 
body part or organ (Bateson et al., 1894). Homeotic (Hox) selector genes were identified 
by mutations that resulted in heritable homeotic transformations (Lewis, 1978; Nüsslein-
Volhard & Wieschaus, 1980; Nüsslein-Volhard et al., 1984). All HOX proteins contain a 
60-amino-acid DNA-binding domain, the homeodomain (HD) (Levine & Hoey, 1988; 
McGinnis et al., 1990). The sequence of HD is highly conserved among animal phyla 
(McGinnis & Krumlauf, 1992). Hox genes determine the unique segmental identity of 




are expressed in spatially restricted domains along the A-P axis of the embryo (Ingham & 
Arias, 1992). The phenotype of loss-of-function and gain-of-function mutations in Hox 
genes are homeotic transformations where one segment is transformed into the likeness of 
another (Bridges, 1915; Kaufman et al., 1980; Kaufman et al., 1990; Levine & Hoey, 1988; 
Lewis, 1978). The order of Hox genes along the chromosome corresponds to the head to 
tail order of the body segment in which they are expressed (Harding et al., 1985; Lewis, 
1978). This phenomenon is called “collinearity” (Carroll et al., 2004; Lewis, 1985). Hox 
genes were first discovered in D. melanogaster and their functions in body patterning has 









Figure 3. Segmentation genes are expressed in a hierarchy that regulates the pattern 
of development along the A-P axis of a developing Drosophila embryo. These are in 
situ hybridizations to mRNA of representative genes from each set of segmentation gene 
in the segmental hierarchy. The protein products of genes expressed earlier in the hierarchy 
regulate the expression of genes further down in the hierarchy to segment the developing 
embryo and determine segmental identities. The expression patterns of the maternal 
coordinate gene, bicoid (bcd); gap gene, Krüppel (Kr); pair rule gene, runt (run); segmental 
polarity gene, engrailed (en), and homeotic selector genes, Deformed (Dfd) and 
Abdominal-B (Abd-B) are shown (Tomancak et al., 2002; Tomancak et al., 2007). This 





1.4 Drosophila Hox genes: HOX proteins establish embryonic segment identities along 
the AP axis of bilaterian bodies (Capovilla et al., 1994; Heffer et al., 2010; Pearson et al., 
2005). In D. melanogaster, there are eight Hox genes: labial (lab), proboscepedia (pb), 
Deformed (Dfd), Sex combs reduced (Scr), Antennapedia (Antp), Ultrabithorax (Ubx), 
abdominal-A (abd-A) and Abdominal-B (Abd-B) (Figure 4), which are located in two gene 
clusters on the right arm of the third chromosome. Five of the genes (lab, pb, Dfd, Scr and 
Antp) are found in the Antennapedia Complex (ANT-C) (Kaufman et al., 1980), and the 
remaining three (Ubx, abd-A and Abd-B) are found in the Bithorax Complex (BX-C) 
(Lewis, 1978). The D. melanogaster embryo is divided into three head segments: 
Mandibular (Md), Maxillary (Mx) and Labial (Lb), three thoracic segments (T1-T3) and 
nine abdominal segments (A1-A9) (Carroll et al., 2004). The Hox gene, lab (located at one 
end of the ANT-C), is expressed in the most anterior region of the embryo; whereas, the 
gene located at the other end of the BX-C, Abd-B, is expressed in the most posterior part 
of the embryo (abdominal segments 8 and 9) (Figure 4) (Carroll et al., 2004; Lemons & 






Figure 4. Homeotic selector (Hox) gene expression in the Drosophila embryo. 
Drosophila Homeobox (Hox) genes are located in two gene clusters and the expression of 
the genes along the A-P axis corresponds to their location along the fly chromosome. The 
expression of the Hox genes in the Antennapedia Complex, labial (lab; red), proboscipedia 
(pb; khaki), Deformed (Dfd; purple), Sex combs reduced (Scr; yellow) and Antennapedia 
(Antp; brown), and the Bithorax complex, Ultrabithorax (Ubx;  blue), abdominal-A (abd-
A; cyan) and Abdominal-B (Abd-B; green), are indicated on a diagram of an embryo after 





The following sections describe the phenotypes resulting from mutations in the genes that 
are central to the analysis presented in Chapter 3.  The genes analyzed are labial, Deformed, 
Sex combs reduced, Ultrabithorax, doublesex and fruitless. 
 
labial: The gene lab is the most anteriorly expressed member of the Drosophila Hox genes. 
It is expressed primarily in the mandibular segment and the intercalary region (an 
appendage-less segment between the antenna and mandible) of the head, and also in the 
midgut  (Hughes & Kaufman, 2002). The lab gene was originally named “labial” because 
loss-of-function alleles disrupt development of the labial segment; however, the lab gene 
is not expressed in the labial segment (Carroll et al., 2004; Hughes & Kaufman, 2002). 
 
lab14 / lab4: lab null loss-of-function allele result in the failure of Drosophila embryo to 
undergo head involution, which is the internalization of the mouth and head structures that 
initially start to develop on the embryonic surface ectoderm. The two amorphic labial 
alleles used for experiments in this thesis are lab4 and lab14. The lab4 allele, also known as 
lab f8, is a homozygously lethal amorphic allele induced by ethyl methanesulfonate (EMS) 
mutagenesis. The cytology of this allele is normal; no inversion or large genome deletion 
occurred during mutagenesis (Merrill et al., 1989). The lab14 allele, also known as labvd1 
allele, is another amorphic allele isolated after X-ray radiation. It is cytologically normal, 
but associated with a small deletion (< 2kb) in the lab gene (Diederich et al., 1989). 
 
The fruit fly larval cuticle provides a rich set of morphological characteristics to analyze 




type cuticle preparation is shown in Figure 5, with the mouth hooks, medium tooth, H-
piece, ventral arms, dorsal arms, and dorsal bridge indicated. Drosophila larvae lacking 
LAB expression do not develop the H-piece, including the bridge and the lateral bar 
(Merrill et al., 1989). Due to improper head involution, the two mouth hooks are widely 





Figure 5. The larval cuticle of the head of WT (A) and a lab null mutant (B). The H-
piece structure (Hb and Hl) is absent in the lab null mutant, and the MHs are widely 
separated when compared with the WT larval cuticle. Abbreviations: MH, mouth hook; 
MC, Maxillary cirri; MT, medium tooth; DA, dorsal arms; Hb, H-piece bridge; Hl, H-piece 
lateral bar; DB, dorsal bridge; DA, dorsal arms; VA, ventral arms.  Panel B was adapted 





Deformed: The Dfd gene is required for determining the segmental identity of the 
maxillary and mandibular segments in the larval head (Regulski et al., 1987). Larvae 
homozygous or hemizygous for Dfd loss-of-function alleles develop with a failure of head 
involution and the loss of larval head structures. Adult loss-of-function phenotypes are 
deletion of parts of the head and transformations of head to thoracic identity (Brown et al., 
1999; Lohmann et al., 2002; Mahaffey et al., 2001; McGinnis et al., 1990; Regulski et al., 
1987; Zeng et al., 1994).  
 
Dfd16 / Dfd12: The two amorphic Dfd alleles used for studies in this thesis are Dfd16 and 
Dfd12. The Dfd12 allele, also known as DfdrR11, is an amorphic allele resulting from a single 
nucleotide transversion (T to A mutation at 3R:6752954) as a result of EMS mutagenesis. 
This mutation is a nonsense allele that truncates DFD protein translation at amino acid 210 
(Zeng et al., 1994). The Dfd16 allele, also known as DfdW21 or DfdrW21, is an EMS induced 
single nucleotide transition (G to A mutation at 3R:6793812) which is also a nonsense 
allele truncating translation at amino acid 346 of DFD (Zeng et al., 1994). 
 
Embryos hemizygous for Dfd16 / Dfd12 have displaced maxillary and mandibular segments 
due to ventral side supernumerary cell accumulation in both segments (Hueber et al., 2007). 
Dfd16 / Dfd12 embryos lack the maxillary cirri primordium and the anterior boundary of the 
dorsal ridge between mandibular and maxillary segments (Lohmann et al., 2002) and the 
Dfd16/ Dfd12 embryos develop lacking the mouth hooks and cirri (Figure 6) (Brown et al., 






Figure 6. The larval cuticle of the head of WT (A) and Dfd null mutant (B). Relative 
to the WT (A), Dfd16 / Dfd12 larvae have no cirri and mouth hooks but the H-piece and 
lateral process form. Abbreviations: mh, mouth hook; ci, cirri; mt, medium tooth; H, H-
piece bridge; lp, lateral process (H-piece lateral bar ). Panel A is the same as in Figure 5 A. 




Sex combs reduced: Sex combs reduced (Scr) is the fourth Hox gene in the Drosophila 
Antennapedia Complex. The SCR transcript is composed of three exons (exon 1, exon 2 
and exon 3); exon 2 and exon 3 are coding (LeMotte et al., 1989). In Drosophila, the SCR 
protein is expressed in the labial and T1 segments during embryogenesis. SCR is proposed 
to have two functions: SCRT1 required for prothoracic (e.g. T1 beards, salivary gland and 
sex comb) development, and SCRlab required for labial derivatives (proboscis) 
development (Percival-Smith et al., 2013). SCRT1 function is conserved, as ectopic 
expression of the murine HoxA5 protein (SCR homolog) is able to induce similar 
phenotypes as those caused by ectopic expression of SCR (Zhao et al., 1993). However, 
SCRlab activity is insect-specific and not conserved throughout bilaterians. Co-ectopic 
expression of murine HoxA5 with PB cannot induce ectopic proboscises while co-ectopic 
expression of Drosophila SCR and PB can (Percival-Smith et al., 2013). Percival-Smith et 
al. (2013) proposed that during insect evolution expression of PB shifted posteriorly to the 
labial segment to assist in the switch from the bilaterian conserved SCRT1 function to the 
insect-specific SCRlab function.  
 
The SCR protein contains multiple motifs that are conserved at different taxonomic levels. 
The HD, octapeptide, YPWM motif and KMAS motif are universally conserved across all 
bilaterian SCR orthologs. The LASCY motif is conserved in protostome SCR orthologs. 
The SCKY, PQDL and NANGE motifs are conserved in arthropods SCR orthologs. The 
MVDYTQLQPQRL sequence (DYTQL motif) and the carboxy-terminal domain (CTD) 
are insect-specific. The YTPNL, DISPK and NEAGS are conserved in dipterans. Lastly, 




Percival-Smith et al., 2013; Sivanantharajah & Percival-Smith, 2015). The analysis of SCR 
function by examination of mutant alleles or by the expression of recombinant proteins 
uncovered differential pleiotropy which is the non-uniform behavior of alleles across 
different tissues (Carroll et al., 2004; Percival-Smith et al., 2013; Sivanantharajah & 
Percival-Smith, 2009, 2014, 2015). Differential pleiotropy suggests that SCR is composed 
of small independent protein motifs that alone make small, tissue-specific contributions to 
the overall activity of SCR (Sivanantharajah & Percival-Smith, 2009, 2014, 2015). 
 
Scr4 / Scr2: The two amorphic Scr alleles used for my studies are Scr4 and Scr2. The Scr2 
allele is an amorphic allele caused by a single nucleotide transition (C to T mutation at 
3R:6841841) that introduces a stop codon in the Scr2 open-reading frame (Sivanantharajah 
& Percival-Smith, 2009). The Scr4 allele, also referred to as ScrW21, is another Scr amorphic 
allele caused by the single nucleotide transition (C to T mutation at 3R:6841790) that 
introduces a stop codon (Sivanantharajah & Percival-Smith, 2009). Both Scr2 and Scr4 





Figure 7. The structure of the SCR2, SCR4 and WT proteins (Sivanantharajah & 
Percival-Smith, 2009). Both Scr2 and Scr4 encode truncated forms of SCR proteins. The 
unit in brackets to the right of the proteins is kilodaltons (Sivanantharajah & Percival-Smith, 
2009). The octapeptide motif (purple), DYTQL motif (blue), YPWM motif (green), HD 
(cyan) and CTD (yellow) are indicated in the figure. This figure has been adapted from 




SCR is required for the formation of the male sex combs. Scr is haplo-insufficient for 
determination of the number of sex combs that form; for example, Scr4/+ heterozygous 
males have a reduction in the sex comb bristle number from the WT 10-12 to 6-7 
(Bantignies et al., 2011; Ragab et al., 2006; Southworth & Kennison, 2002). Loss of SCR 
activity during embryogenesis results in failure of head involution and the larvae have a 
reduced number of T1 beard setae, duplication of the maxillary sense organ (mxo) (Figure 
8), and a disrupted labial segment (labial derivatives, like salivary glands, are lost) 
(Mahaffey & Kaufman, 1987; Pederson et al., 1996; Percival-Smith et al., 2013; 
Sivanantharajah & Percival-Smith, 2009, 2014). The duplicated maxillary sense organ 
indicates a labial to maxillary segment transformation during embryogenesis (Pederson et 
al., 1996). Adult viable hypomorphic Scr alleles result in adult flies with a decreased 
number of pseudotracheal rows and a decreased number of sex combs on the first legs 
(Bantignies et al., 2011; Pattatucci et al., 1991; Ragab et al., 2006; Sivanantharajah & 
Percival-Smith, 2009; Southworth & Kennison, 2002). In clones of Scr null mutant cells 
in the proboscis primordia, the proboscis is transformed to a maxillary palp (Percival-Smith 





Figure 8. Scanning electron micrograph of the Drosophila larval head. Abbreviations: 
ao, antenna or antennal organ; ci, cirri; mh, mouth hooks; mxo, maxillary sense organ 






Ultrabithorax: The gene Ubx is the sixth gene of the Drosophila HOM-C gene clusters 
and the first in the BX-C. In D. melanogaster, at least six different isoforms of UBX protein 
exist (Carroll et al., 2004; Lewis, 2004). Ubx is expressed in the third thoracic (T3) and 
first abdominal (A1) segments. The UBX protein is expressed throughout the haltere but 
not in the wing (Weatherbee et al., 1998). In adult flies, the T2 segment houses the indirect 
large flight muscles (IFMs) and T3 segment houses the smaller haltere muscles (Rivlin et 
al., 2001). Reduction of UBX function results in the transformation of haltere tissue into 
wing tissue (Kerridge & Morata, 1982; Morata & Garcia-Bellido, 1976; Morata & Kerridge, 
1981; Rivlin et al., 2001; Weatherbee et al., 1998). Complete loss of function of UBX 
during metamorphosis leads to transformation of dorsal and ventral appendages of the third 
thoracic segment (T3), which includes the halteres and third pair of legs, into the 
counterparts on the second thoracic segment (T2), giving a four-winged (bithorax 
phenotype) fly (Lewis, 1978).  
 
Campaniform sensilla (CS) are a class of insect mechanoreceptors, which receive 
proprioceptive and exteroceptive stimuli (Dinges et al., 2021). In Drosophila melanogaster, 
the CS are located on the wings, halteres, legs and thorax (Dinges et al., 2021). Based on 
the morphology, CS in Drosophila are categorized into six groups (Cole & Palka, 1982). 
Ubx mutations transform CS on halteres to wing-like CS (Cole & Palka, 1982). 
 
Ubx9.22 / Ubxabx1,bx3, 61d, pbx1: The amorphic Ubx allele, Ubx9.22, isolated after X-ray 
irradiation, deletes 1580 bps of DNA sequence that includes the exon 3, intron 3 and the 




Ubx9.22 deletion affects all UBX isoforms (Subramaniam et al., 1994). Ubxabx1,bx3,61d,pbx1 is 
a combination of a series of Ubx hypomorphic alleles: anterobithorax1 (abx1), bithorax3 
(bx3), postbithorax1 (pbx1) and Ubx61d. The alleles abx, bx and pbx incorporate changes in 
regulatory regions of Ubx (Casanova et al., 1985; Castelli-Gair & García-Bellido, 1990; 
Qian et al., 1991; Slack & Bard, 1991). Flies which have single mutant (abx1 or bx3 or 
pbx1), double mutants (bx3 and pbx1), triple or quadruple mutants (abx1,bx3, pbx1 or 
abx1,bx3,Ubx61d, pbx1) and hemizygous with a Ubx deficiency (Df(3R)2P) allele, have an 
increasing strength of the T3 segment to T2 segment homeotic transformations observed 
(Figure 9) (Rivlin et al., 2001). abx1 transforms the T2 posterior compartment (T2p) to T1 
posterior compartment (T1p) and the T3 anterior compartment (T3a) to T2 anterior 
compartment (T2a); bx3 transforms T3a to T2a; while pbx1 transforms T3p to T2p (Rivlin 
et al., 2001). The double, triple and quadruple combinations of the alleles lead to more 
complete transformations of T3 segment into T2 segment and replace the halteres with a 





Figure 9. Adult phenotypes of Ubx hypomorphic alleles. The T3 to T2 transformations 
of abx1, bx3, pbx1, double bx3 and pbx1 mutant, triple (abx1,bx3, pbx1) or quadruple mutants 
(abx1,bx3,Ubx61d, pbx1) when they are hemizygous with Ubx deficiency (Df(3R)2P) allele 
(Rivlin et al., 2001). The arrows indicate the transformed T3 segment. This figure is 




1.5 Sex determination: Sex determination is the process by which the dimorphic sexual 
characteristics of an organism are determined. The evolution of the mechanisms of  sex 
determination is hypothesized to be a reverse-order process (Wilkins, 1995). According to 
this theory, the upstream sex identity regulators (genes and mechanisms) in the sex 
determination pathway change very rapidly as new species are formed, and therefore, the 
upstream sex identity regulators have diverged between species. However, the downstream 
regulators which are directly responsible for determining sexual dimorphism, behavior and 
gamogenesis are conserved across species (Waterbury et al., 1999). 
 
The sex determination pathway of Drosophila melanogaster is well characterized. The key 
upstream sex determination regulator in Drosophila melanogaster is the protein product of 
the feminizing gene Sex-lethal (Sxl) (Cline, 1983; Salz et al., 1987). In females, Sxl is ON 
orchestrating female morphological development. In males, Sxl expression is OFF and 
males develop (Cline, 1983; Salz et al., 1987). However, the role of Sxl found in D. 
melanogaster is not conserved far beyond Drosophila; for example, Sxl does not determine 
sex in the closely related Musca domestica (house fly) (Meise et al., 1998). Musca-Sxl is 
expressed in both males and females unlike the female specific expression observed in fruit 
flies (Meise et al., 1998). 
 
In contrast, the role of the downstream sexual morphology differentiation factor in D. 
melanogaster, doublesex (dsx), is conserved between divergent species consistent with the 
reverse-order theory. The dsx homolog, mab-3, is found in the nematode Caenorhabditis 




are sexual differentiation factors in worms and flies and share a similar DNA binding 
domain (Raymond et al., 1998). This indicates that the sexual differentiation function of 
DSX is conserved across different species. Therefore, studying DSX function in D. 
melanogaster helps in understanding the evolutionary history and phylogeny of the sex 
determination pathways. 
 
Although both mammals and Drosophila have heterogametic sex chromosomes (XX 
females and XY males), the mechanisms of sexual determination are very different in 
mammals and Drosophila (Mauch & Schoenwolf, 2001). In mammals the presence or 
absence of the Y chromosome which carries the sex reversal locus (SRY) is the major 
determinant of sex; whereas, in Drosophila the presence or absence of the Y chromosome 
is unimportant for sex determination (Mauch & Schoenwolf, 2001). Prior to 2007, 
Drosophila sex determination was thought to be determined by the ratio of X chromosome 
(X) to autosomes (A) (Bridges, 1921, 1925). Generally, there are either one or two copies 
of the X chromosomes and two sets of autosomes (Bridges, 1921, 1925). If the X/autosome 
ratio is 1X:2A, the individual is male; whereas, when the ratio is 2X:2A the individual is 
female (Bridges, 1921, 1925; Mauch & Schoenwolf, 2001). The 2X:2A ratio activates the 
feminizing gene Sxl during the first two hours after fertilization (Cline, 1983; Salz et al., 
1987; Salz et al., 1989). However, the experimental results of Erickson and Quintero (2007) 
has challenged this model and provided supporting evidence for an alternative idea that sex 
determination depends on the cumulative dosage of X-encoded signal element (XSE) 
proteins. Relative to the X/autosome ratio model, the alternative proposes that the 




the sexual fate of the embryo during embryogenesis (Erickson & Quintero, 2007). The 
presence of 2 X chromosomes (2X:2A genome) results in sufficient expression of XSE 
proteins to initiate SXL expression before cellularization promoting female development; 
but a single X chromosome (1X:2A) does not produce an adequate dosage of XSE proteins 
before cellularization to activate SXL expression leading to male development (Erickson 
& Quintero, 2007). 
 
Drosophila sex-determination pathway: In male Drosophila, the dosage compensation 
mechanism increases the expression of X-linked genes by twofold to ensure male and 
female flies have the same dose of X-linked gene products (Grimaud & Becker, 2009). The 
presence of the SXL protein in the female embryo inhibits the dosage compensation 
mechanism by preventing the translation of the gene male-specific lethal 2 (msl-2) 
(Lucchesi & Kuroda, 2015). SXL also activates the female-specific splicing of the RNA 
transcript of the downstream gene transformer (tra) for TRA expression and female 
somatic sex determination. In males that lack SXL expression, tra pre-mRNA is spliced 
into a mature transcript that prematurely terminates translation such that no active TRA 
product is expressed (Keyes et al., 1992; Lucchesi & Kuroda, 2015; Robinett et al., 2010). 
TRA interacts with the protein TRA-2 (splicing factor) that is expressed in both males and 
females and forms the TRA-TR2 protein complex (Ruiz & Sánchez, 2010). This TRA-TR2 
complex functions as an RNA splicing factor that regulates the expression of the genes 
doublesex (dsx) and fruitless (fru) (Robinett et al., 2010; Ruiz & Sánchez, 2010) (Figure 





Figure 10. Drosophila sex-determination pathway. In males, SXL is not expressed and 
no TRA is expressed. In females, SXL protein inhibits the male specific dosage 
compensation mechanism by preventing the translation of MSL-2. SXL also activates the 
female-specific splicing of the transcript of the downstream gene transformer (tra). 
Without SXL (males), tra pre-mRNA is spliced to produce a transcript with a premature 
stop codon. In females, the protein product of tra, TRA, interacts with the universally 
expressed protein TRA-2 (splicing factor) and forms the TRA::TRA-2 protein complex 
(Ruiz & Sánchez, 2010). The complex functions as an RNA splicing factor that regulates 
the expression of the genes doublesex (dsx) and fruitless (fru) (Robinett et al., 2010; Ruiz 
& Sánchez, 2010). IX and HER, encoded by genes intersex and hermaphrodite respectively, 
are two co-factors required for DSXF to function (Robinett et al., 2010). This figure has 




doublesex: The doublesex (dsx) gene encodes a transcription factor required for both male 
and female sex determination of Drosophila. The dsx gene is transcribed in both males and 
females, but sex-dependent alternate splicing of exon 4 and exon 5 of dsx pre-mRNA 
produces transcripts that encode distinct DSX protein isomers (Baker et al., 1987; Burtis 
& Baker, 1989). In females, when TRA protein is present, the dsx pre-mRNA is spliced to 
form the female-specific mature mRNA DSXF which when subsequently translated 
produces the female-specific protein DSXF (Burtis & Baker, 1989; Ryner & Baker, 1991). 
When the TRA protein is not present, DSX pre-mRNA will be spliced to form the male-
specific transcript DSXM, which when translated produces the protein DSXM. DSXM and 
DSXF are identical for the first 397 amino acids, including the DNA binding domain (Cho 
& Wensink, 1997). The difference between these two DSX isoforms are the carboxyl 
terminal ends: DSXM has 152-amino acid C-terminal addition and DSXF has a distinct 30-
amino acid C-terminal addition (Cho & Wensink, 1997; Yang et al., 2008). 
 
The DSX proteins are transcription factors that determine all aspects of male and female 
somatic sex determination (Robinett et al., 2010). DSXF activates female-specific genes 
promoting development of female somatic sexual characteristics and prevents the 
development of male somatic sexual characteristics (Ryner & Baker, 1991). Conversely, 
DSXM promotes male development by activating male-specific genes and preventing 
female development (Ryner & Baker, 1991; Salz et al., 1989). When both are absent both 





When both DSXF and DSXM are expressed together, DSXF and DSXM compete with each 
other in regulating target genes (Cho & Wensink, 1997; Waterbury et al., 1999). Ectopic 
expression of DSXF in males (P[dsxF 26B];+/+) feminize the male genitalia; the male 
genitals are rotated (Waterbury et al., 1999). This feminization is enhanced when one copy 
of the endogenous dsx is removed; in P[dsxF 26B];dsx1/+, the frequency of genital rotation 
increases and a partial vagina forms (Waterbury et al., 1999). Furthermore, male sex comb 
formation is affected (Demir & Dickson, 2005; Waterbury et al., 1999). Expression of 
DSXF in a dsx null mutant background (P[dsxF 26B];dsx1/ Df dsx), results in flies that are 
transformed into pseudo-females, with the male genitalia suppressed and leaving the 
vagina and unformed sex combs (Waterbury et al., 1999) (Figure 11). 
 
In addition to morphological changes, ectopic expression of DSXF affects fly sexual 
behaviors: males ectopically expressing DSXF are courted by other males (Waterbury et 
al., 1999). This is likely due to the expression of DSXF inducing female pheromone 
production (Waterbury et al., 1999). Furthermore, when DSXF is ectopically expressed in 
males with dsx null background (P[dsxF 26B];dsx1/ Df dsx); these “pseudo-females” are 
not only courted by, but are also copulated by wild type males (Waterbury et al., 1999). 
Similarly, expression of DSXM also induce masculinization in females (Rideout et al., 
2010). 
 
Genetic studies have discovered four dsx dominant mutant alleles (dsxdom) that are distinct 
from dsx loss-of-function recessive mutant alleles (Baker & Ridge, 1980; Duncan & 




two effects: first, they do not express dsxF function, and second, they constitutively express 
dsxM (Baker & Ridge, 1980; Nagoshi & Baker, 1990). The phenotype of the dsxdom alleles 
further suggests that the DSXM and DSXF TFs inhibit one another (Nagoshi & Baker, 1990). 
Chromosomally female (XX), dsxdom hemizygous (dsxdom/Df dsx) flies have male somatic 
phenotypes (Nagoshi & Baker, 1990). The fact that dsxdom transforms heterozygous 
females (dsxdom/+) to a sex neutral phenotype suggests that DSXM inhibits DSXF (Nagoshi 






Figure 11. Effects of DSXF ectopic expression. DSXF expressed in males feminizes the 
male genital and sex combs. The feminization is enhanced when the endogenous dsx gene 
is removed. A, D: P[dsxF 26B];+/+; B, E: P[dsxF 26B];dsx1/+; C, F: P[dsxF 26B];dsx1/ 





dsx 1/ dsxGal4: In this thesis two dsx alleles are used. The dsx1 allele is an amorphic allele 
of the dsx gene (Ota et al., 1981). The dsxGal4 allele (Robinett et al., 2010) is a targeted 
insertion of GAL4 sequence into dsx disrupting the dsx gene and creating a dsx amorphic 
allele (Rideout et al., 2010; Robinett et al., 2010).  
 
fruitless: The gene fruitless (fru) is a part of the sex determination regulatory hierarchy. 
The FRUM protein is necessary and sufficient for male courtship behavior (Demir & 
Dickson, 2005). The fru gene is a complex gene with multiple promoters (P1-4) that 
express primary transcripts that undergo extensive alternative splicing (Anand et al., 2001; 
Ryner et al., 1996). The mature transcripts encode several distinct transcription factors 
(Anand et al., 2001; Ryner et al., 1996; Stockinger et al., 2005). The transcript initiated 
from the P1 promoter undergoes sex-specific alternative splicing regulated by the 
TRA::TRA2 complex (Anand et al., 2001; Robinett et al., 2010; Ryner et al., 1996; 
Stockinger et al., 2005). In females, the TRA-TRA2 complex splices the fru P1 pre-mRNA 
to produce a mature mRNA that encodes a non-functional product (Ryner et al., 1996). In 
males TRA is not expressed and the fru P1 pre-mRNA is spliced to give mature mRNAs 
that express multiple isoforms of the FRUM protein (Anand et al., 2001; Robinett et al., 
2010; Stockinger et al., 2005). The FRUM proteins are expressed in 2% of in the male 
central nervous system (CNS) neurons and are necessary and sufficient for the male sexual 
behavior (mating and courtship) (Demir & Dickson, 2005). 
 
fru4-40 and fruGal4 alleles: In my thesis I use the fru4-40 allele and two fruGal4 alleles. fru4-40 




fru4 (Anand et al., 2001). The P-element insertion of the fru4 allele is between the 5’ exon 
of the P2 and P3 promoters in the fru locus (Anand et al., 2001). The deletion caused by 
the imprecise excision of the P-element extends distally from the P-element insertion site 
for at least 70 kb removing DNA sequences upstream of the P3 promoter, including the P1 
and P2 promoter. The P1 and P2 transcripts are not expressed from the fru4-40 allele (Anand 
et al., 2001). As the male P1 transcript is spliced to produce FRUM, this deletion influences 
male courtship behaviors. The male flies heterozygous for the fru4-40 allele (fru4-40 / fru+) 
are fertile but the fru4-40/ fru1 hemizygous male flies (fru1 is another fru allele affecting 
expression of the P1 transcript) are sterile (Anand et al., 2001). Furthermore, fru4-40/ fru1 
do not court females but will court males (Fan et al., 2013). The two fruGal4 alleles used in 
thesis are fruGal4A (Stockinger et al., 2005) and fruGal4B (Kimura et al., 2005). The fruGal4A 
was created by inserting the Gal4 sequence into the sex-specifically spliced exon, exon S, 
so that the transcript driven by the P1 promoter encodes GAL4 rather than FRUM. The 
fruGal4B is an insertion of a P-element carrying Gal4 in intron 2 of the fru locus. The fruGal4B 
is a loss-of-function-allele of fru with no detectable expression of male-specific fru 
transcript in the fruGal4B homozygous individual (Kimura et al., 2005). 
 
2.1 Specificity of transcription factor function: TFs mediate the transcription of the 
genes through interactions with DNA. A defining feature of TFs is that they usually contain 
at least one DNA-binding domain that recognizes a specific sequence (Mitchell & Tjian, 
1989; Ptashne & Gann, 1997). The study of gene regulation by TFs dates back to the 1960s 
(Gilbert & Müller-Hill, 1966; Jacob & Monod, 1961; Ptashne, 1967a, 1967b). There has 




sequence in a complex genome (Kribelbauer et al., 2019). Initially, it seemed that the DNA 
sequence preference of any TF could be predicted by a simple model (Pabo & Sauer, 1984). 
As more TF structures and DNA sequences were analyzed, it became obvious that TFs use 
a more complex system of mechanisms to recognize specific DNA sequences (Garvie & 
Wolberger, 2001; Luscombe et al., 2001) and that a simple model for the prediction of the 
DNA sequence recognized may not exist (Pabo & Sauer, 1992; Slattery et al., 2014). 
 
The majority of the early models of TF structures and their DNA sequence preference came 
from the study of prokaryotes (Kribelbauer et al., 2019). However, comparing DNA 
recognition of prokaryotic TFs with those of eukaryotic TFs reveals a major difference 
(Smith & Matthews, 2016). The DNA sequences bound by prokaryotic TFs are long 
enough for prokaryotic TFs to find specific binding sites in the genome (Wunderlich & 
Mirny, 2009). However, eukaryotic TFs recognize shorter DNA sequences 6-8 bp long, 
such that the DNA sequences do not contain enough information for eukaryotic TFs to find 
specific sites in the genome (Berger et al., 2008; Wunderlich & Mirny, 2009). A 
mechanism proposed to alleviate this problem is that eukaryotic TF proteins interact 
cooperatively to increase the size and information of sequence recognized; for example, 
HOX proteins bind to the cofactor, Extradenticle (EXD) (Ryoo et al., 1999). However, 
even though the size of the sequence recognized increases (relative to the size the genome), 
the sequence recognized is still very small such that spurious binding to multiple binding 
sites in the genome is still high. Although there are many ideas regarding how eukaryotic 
TFs may work to bring about the expression of specific genes, the central problem of how 




2.2 Phenotypic non-specificity of transcription factor function: Phenotypic non-
specificity is a phenomenon where the phenotype(s) associated with the expression of a 
particular TF is induced or rescued by multiple distinct TFs. Phenotypic non-specificity of 
TF function is observed within and between TF families (Banreti et al., 2014; Greig & 
Akam, 1995; Hirth et al., 2001; Lelli et al., 2011; Percival-Smith, 2017; Percival-Smith & 
Laing Bondy, 1999; Percival-Smith et al., 2013; Percival-Smith et al., 2005). For example, 
both HD containing TFs and non-HD TFs when ectopically expressed induce the eyeless, 
wingless and ectopic first thoracic beard phenotypes (Percival-Smith, 2017). Furthermore, 
the reduced maxillary palp phenotype caused by pb-null alleles is partially rescued by 
expression of a non-PB-homologous protein, DSXM, which does not contain the HD 
domain (Percival-Smith, 2017). These observations cannot be explained by traditional 
models of TF function which emphasize the functional specificity of TF function. These 
observations led to the proposal of a model of limited specificity of transcription factor 
function. The novel “limited specificity model” helps to explain the phenomena of 
phenotypic non-specificity. 
 
2.3 Model of limited specificity: The model of limited specificity was proposed as an 
explanation for the phenomenon of phenotypic non-specificity of TF function (Percival-
Smith, 2018) and can be contrasted with the following alternatives: (1) complete non-
specificity model — DNA binding domains of TFs have no preference to the DNA 
sequence and the cooperative interactions between TFs is not specific; (2) complete 
specificity model — the DNA sequence recognition is restricted to very specific sequences 




model of limited specificity proposes that the specificity of DNA sequence recognition and 
cooperative interactions between TFs is limited and this level of specificity is not sufficient 
to target the expression of a certain set of genes required for a particular phenotype 
(Percival-Smith, 2018). 
 
The model of limited specificity explains phenotypic non-specificity of TF function. 
Limited specificity proposes that a TF regulates a set of genes much larger than the sub-set 
required for a certain phenotype. For example, TFa may be required for the expression of 
200 genes but the expression of only a small group of these genes may be required for a 
certain phenotype. When other TFs are expressed in place of TFa they regulate sets of 
hundreds of genes, and every so often a TFb is able to regulate a set of genes that includes 
the small group of genes required for the phenotype resulting in rescue of the phenotype. 
For example, when DSXM rescues the growth of maxillary palp development in the absence 
of PB, DSXM is proposed to regulate the subset of PB regulated genes required for 
maxillary palp growth.  
 
2.4 Pleiotropy: A pleiotropic gene encodes a product that is required for more than one 
phenotypic trait (Carroll et al., 2004). Therefore, mutant alleles in pleiotropic genes affect 
more than one trait. For example, PB requirement for mouthparts development is 
pleiotropic being required for both maxillary palp growth/differentiation and for proboscis 
development in the suppression of tarsus determination and promotion of proboscis 
development. In uniform-pleiotropy, all hypomorphic loss-of-function alleles affect the 




different phenotypes is the same for all phenotypes (Sivanantharajah & Percival-Smith, 
2009). In differential pleiotropy, hypomorphic loss-of-function alleles have a differential 
effect on the phenotypes, such that the order of severity of the phenotypes is distinct 
between the phenotypes. The observation of differential pleiotropy in a locus encoding a 
TF suggests that the TF functional elements are dispersed as small protein elements 
throughout the protein and each of these elements make small, tissue specific contributions 
to overall TF function (Hittinger et al., 2005; Joshi et al., 2007; Merabet et al., 2011; 
Percival-Smith et al., 2013; Prince et al., 2008; Sivanantharajah & Percival-Smith, 2009, 
2014, 2015; Tour et al., 2005).  
 
2.5 Functional conservation: The term functional conservation of TF function means that 
the TF and its orthologs from another species have similar function. In the experiments 
designed to test TF functional conservation, the phenotype which depends on the 
expression of a specific TF in a species is assessed with the expression of the TF’s orthologs 
from another species (Halder et al., 1995; Hunter & Kenyon, 1995; Lutz et al., 1996; 
Malicki et al., 1990; Percival-Smith & Laing Bondy, 1999; Zhao et al., 1993). This analysis 
of the functional conservation of TF function is based on an implicit presumption in the 
experimental design that TF function is specific for the regulation of the specific sets of 
genes required for the phenotype and that if the ortholog is functionally conserved it would 
regulate the same set of genes. The assumption of TF functional specificity is the 
foundation of the assessment of functional conservation. However, phenotypic non-
specificity of TF function undermines the interpretation of these experiments by showing 




the murine ortholog of PB HOXA2 partially rescues the pb-null phenotype in Drosophila 
suggesting functional conservation of HOXA2 and PB function. However, the partial 
rescue by DSXM undermines the interpretation of functional conservation of PB and 
HOXA2 function. Therefore, claims of functional conservation of TF function during 
evolution require reconsideration because the underlying presumption in the experimental 
design may have no foundation. 
 
3. Genome editing tools: The terms “genome editing or genomic engineering” or “gene 
editing” refer to genetic engineering methodologies that modify or replace DNA sequences 
in an organism’s genome (Esvelt & Wang, 2013). Currently, the most commonly used 
genome editing techniques are (1) clustered regularly interspaced short palindromic repeats 
(CRISPR)-CRISPR-associated protein 9 (Cas9), (2) transcription activator-like effector 
nucleases (TALENs), (3) zinc-finger nucleases (ZFNs), and (4) homing endonucleases or 
meganucleases (Gaj et al., 2016). 
 
Clustered Regularly Interspaced Palindromic Repeat (CRISPR): The technique, 
Clustered Regularly Interspaced Palindromic Repeat (CRISPR), is a well-known genome-
editing tool used to achieve efficient and targeted genetic modification in Drosophila and 
other model and non-model organisms (Cho et al., 2013; Cong et al., 2013; DiCarlo et al., 
2013; Friedland et al., 2013; Gratz et al., 2013; Hwang et al., 2013; Wang et al., 2013). 
CRISPR arrays were first discovered in the genome of Escherichia coli in 1987 and later 
these arrays were found to participate in the prokaryotic adaptive immunity system which 




al., 2011; Ishino et al., 1987). In a CRISPR II system, when the foreign genetic element 
invades a bacterial cell, CRISPR RNA (crRNA) that is complementary to the invading 
nucleic acid, and a constitutively expressed trans-activating CRISPR RNA (tracrRNA) 
direct the CRISPR-associated nuclease (Cas) to introduce a site specific double-strand-
break (DSB) in the exogenous invading DNA (Bhaya et al., 2011; Gaj et al., 2013). The 
type II CRISPR system has been adapted to create a highly efficient genome editing tool 
for generating a site-specific DSB ––– CRISPR/Cas9 system (Gratz et al., 2013; Wang et 
al., 2013). 
 
In the CRISPR/Cas9 genome editing system, the RNA-guided CRISPR-associated 
nuclease, Cas9, isolated from bacterial Streptococcus pyogenes (Gratz et al., 2013) and a 
genetically engineered chimeric RNA (chiRNA) (a fusion of crRNA and tracrRNA also 
referred to as guide RNA or gRNA) containing the complementary sequence to the target 
site of the host genome interacts with the Cas9 protein to direct a specific DSB in the host 
genome (Boucherat et al., 2013; Shen et al., 2004) (Figure 12). Target-site recognition 
relies on Watson-Crick base pairing between the spacer of chiRNA and one strand of the 
target DNA (protospacer), which is immediately followed by a “NGG” tri-nucleotide 
protospacer adjacent motif (PAM) recognized by Cas9 (Bhaya et al., 2011). Following 
recognition Cas9 initiates a DSB that will be repaired either by non-homologous end 
joining (NHEJ) or homologous directed repair (HDR) (Gratz et al., 2013). If a homologous 
DNA template used to repair the DNA contains genetic modifications, the modifications 





The CRISPR/Cas9 system has proven to be an invaluable research tool and has greatly 
accelerated the generation of new insights into the function and regulation of biological 
systems (Adli, 2018; Zhang et al., 2015). However, there are still limitations of this genome 
editing technique. First, the "off-target" effects of CRISPR are a major concern. It has been 
reported that the frequency of unintended DNA modifications at untargeted genomic sites 
created by CRISPR/Cas9 is greater than 50% of the intended on-target modifications (Cho 
et al., 2014; Corrigan-Curay et al., 2015; Fu et al., 2013; Hsu et al., 2013; Mali et al., 2013; 
Zhang et al., 2015) questioning the precision of CRISPR/Cas9 editing. Moreover, the 
ability to trigger HDR after the DSB is a factor influencing successful gene editing. If the 
DSB is at an active euchromatic gene region, the epigenetic marker, H3K9me3, will recruit 
the homologous recombination enzymes to the damage site and promote HDR, whereas 







Figure 12. CRISPR/Cas9 system. (A) crRNA and tracrRNA direct the CRISPR-
associated nuclease (Cas) to introduce site specific DSBs in the exogenous invading DNA 
(B) The CRISPR/Cas9 system only requires an engineered chiRNA or gRNA (Bier et al., 
2018) in order to recognize a specific sequence and induce a DSB. RuvC (Recombination 
UV C) and HNH (Histidine-Asparagine-Histidine) are the endonuclease domains of Cas9 




Recombinase-Mediated Cassette Exchange (RMCE) RMCE is the exchange of specific 
DNA segments between two DNA molecules. RMCE allows the incorporation of any DNA 
sequence at a single position in the genome. The recombinase, FC31 integrase, catalyzes 
the specific and unidirectional exchange of DNA cassettes between att site-specific 
recombination sites (attP site and attB site), and is used for RMCE mediated introduction 
of DNA into the genome (Groth et al., 2004). Two 39 base pair sequences, the attP sites, 
are present on the Drosophila chromosome and serve as a landing site. The ФC31 integrase 




into the genome at the landing site through site-specific recombination between attP and 
attB sites (Bischof et al., 2007) (Figure 13). After recombination, the attP and attB sites 
are converted to attR and attL sites (Bateman et al., 2006; Bateman & Wu, 2008; Groth et 
al., 2004) and because the ФC31 integrase alone cannot recognize these attL and attR sites, 






Figure 13. RMCE system. The ФC31 integrase facilitates the integration of vector DNA 
(blue) flanked by two attB sites into the genome through the recombination between attP 
and attB sites. The genome sequence (orange) is replaced with the vector DNA after the 





yellow: The yellow gene (y) is located on the tip of the X chromosome (1B1). The y1 allele 
is a yellow gene amorphic allele caused by an A to C transversion at the start codon (ATG) 
of the yellow open reading frame (Geyer et al., 1990). The visible phenotype of y- 
individuals is the yellow pigmentation of the adult cuticle and larval setae and mouthparts 
(Biessmann, 1985) (Figure 14). 
 





white: The white gene in Drosophila was first identified by Thomas Morgan in 1910 
(Morgan, 1910), and it codes for an ATP cassette transporter which transports guanine and 
tryptophan (the red and brown eye pigment precursors) into the developing eye tissue 
during pupation (Mackenzie et al., 1999). Loss-of-function alleles in white cause the 
Drosophila eye pigmentation to change from red to white (Figure 15). The amorphic w67c23 
allele was derived from the allele, white-crimson (wc), which itself is a partial revertant of 
the white-ivory (wi) allele (Collins & Rubin, 1982, 1984). The wi allele results from a 2.96 




(Bhadra et al., 1997; Sabl & Birchler, 1993; Suárez et al., 1996). The wc allele results from 
the insertion of a 10kb FB element into the wi duplication and reverts to wi or generates 
novel w mutant alleles at a high frequency (Collins & Rubin, 1982, 1984). The amorphic 
w67c23 allele is a deletion derivative of the wc allele in which several hundred kb of DNA 
upstream of the white gene is deleted (including the first exon, start codon and promoter 
region) (Moschetti et al., 2004). In addition, a transposon-like element, NOF, flanked by 
two FB transposable elements is introduced between the deletion breakpoints such that the 
FB-NOF-FB element is directly upstream of the exon 2 sequence of the white gene 
(Moschetti et al., 2004). 
 
 
Figure 15. The pigmentation difference between w- and w+ flies. This figure was 




Transposable elements: Transposable elements (TEs) are DNA sequences that can move 
their positions in the genome. TE genetic elements contribute significantly to genetic 




transposition categorize TE into two groups (Craig et al., 2002; Finnegan, 1992). Class I 
elements, or retrotransposons, move via an RNA intermediate and reverse-transcription 
and usually possess long terminal repeats. In contrast, Class II elements transpose from one 
position to another via a DNA intermediate and have inverted repeats at their ends. 
Foldback (FB) elements are a group of poorly described TEs that have not been assigned 
to a particular class (Feschotte & Pritham, 2007). Their mechanism of transposition is 
unknown. The inverted terminal repeats of FB sequences contain different numbers of short 
direct repeats. This characteristic of FB elements allows the formation of extensive 
secondary DNA structures which cause DNA modifications like deletions, duplications 
and other chromosomal rearrangements at high frequency (Kaminker et al., 2002; Potter et 
al., 1980) 
 
FB mediated w67c23 allele migration: The w67c23 allele is an amorphic allele. Flies with the 
w67c23 allele exhibit a w- phenotype. However, flies with the w67c23 allele are able to revert 
to w+ via migration/transposition of the w67c23 DNA to a new location. This migration was 
observed after screening for w+ flies upon injection of the pBari1_47Dw+ plasmid into the 
w67c23 fly embryos. In three w+ fly lines, the endogenous w67c23 allele flanked by FB 
elements was found to have transposed into introns located in three different genes (Figure 
16) (Moschetti et al., 2004). The transposed w67c23 allele utilized the promoter of the gene 
creating a chimeric mRNA that included white and in addition the first AUG of the gene 
was used to initiate translation to create an active chimeric protein containing W protein 





Figure 16. Three examples of FB mediated w67c23 transposition. After injection of 
pBari1_47Dw+ plasmid, the w67c23 allele was observed to migrate to different locations in 
the genome. Three different gene promoters drive the expression of the w67c23 allele, each 
creating a chimeric white mRNA that expresses a White protein. This figure has been 




4. Objectives: The original objective of this thesis was to study both the conservation of 
Sex combs reduced transcription factor functions and phenotypic non-specificity of 
transcription factor function. The original experimental design was to integrate resident 
and non-resident TFs through RMCE into a Scr locus that had been edited using CRISPR 
and HDR. However, genome editing with CRISPR identified three w+ transformants that 
were not the result of homologous recombination. Thus, the final objectives of this thesis 
were revised to the following: 
1. To characterize the CRISPR induced non-homologous recombination 
transformants (Chapter 2). 
2. To study transcription factor functional non-specificity using functional 
complementation through the application of the UAS-GAL4 expression system 
(Chapter3). 
 
4.1 Chapter 2: The specific objective of this chapter was to characterize the origins of the 
three w+ transformants identified using CRISPR. I hypothesized that these three 
transformants were created by non-homologous recombination events induced by CRISPR 
in the Drosophila melanogaster genome. My goal was to identify the position of 
integration of white DNA and determine the potential mechanism of the non-homologous 
recombination events. 
 
4.2 Chapter 3: The specific objective of this chapter was to study TF functional non-
specificity using functional complementation with the (UAS-GAL4) system. I hypothesized 




limited specificity of transcription factor function. To test this hypothesis. I screened 12 
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Chapter 2. Characterization of CRISPR 
induced non-homologous recombination 
 
Introduction: 
Genome editing is a form of genetic engineering that is used to alter genomic DNA 
sequences in a defined manner within living organisms (Esvelt & Wang, 2013). 
Importantly, the DNA modifications induced by genome editing are restricted to specific 
genomic loci (Esvelt & Wang, 2013). This is in contrast to many other transgenic methods 
(e.g. P element-mediated germline transformation in Drosophila) where transgene 
insertions are not targeted (Majumdar & Rio, 2015).  While many effective genome editing 
systems have been developed (e.g. those based on transcription activator-like effector 
nucleases or zinc finger nucleases), the method commonly referred to as "CRISPR/Cas9" 
or sometimes simply "CRISPR" has become the most widely adopted due to its relative 
ease of use and high precision (Ran et al., 2013). 
 
The acronym CRISPR refers to the clustered regularly interspaced short palindromic 
repeats of DNA that were initially observed in bacteria and which, together with the 
CRISPR associated Cas9 DNA endonuclease, form part of an antiviral defense system 
referred to as the CRISPR-Cas adaptive immune system (Bhaya et al., 2011; Deveau et al., 
2010; Horvath & Barrangou, 2010; Makarova et al., 2011). Through the study and 
manipulation of this bacterial antiviral defense system, CRISPR/Cas9 was developed into 




guided CRISPR-associated nuclease, Cas9, and a chimeric RNA (chiRNA) which contains 
sequences complementary to the target DNA in the host genome (Jinek et al., 2012). The 
RNA sequence information and PAM recognition of Cas9, guide the chiRNA-Cas9 
riboprotein complex to the desired genomic sequence where Cas9 makes a double-stranded 
break (DSB) (Jinek et al., 2012). The DSB can be repaired with either non-homologous 
end joining (NHEJ), or if a DNA repair template is provided, through homology directed 
repair (HDR) (Gratz et al., 2013). In the absence of a repair template, NHEJ can result in 
point mutations or small deletions at the target locus (Aymard et al., 2014). In contrast, if 
a repair template is provided, modifications that are present within the repair template 
construct can be incorporated into the genome via HDR (Gratz et al., 2014). 
 
The CRISPR/Cas9 system has proven to be an invaluable research tool and has greatly 
accelerated the generation of new insights into the function and regulation of biological 
systems. However, the high frequency (>50%) of unintended DNA modifications at 
untargeted genomic sites (i.e. "off-target" effects) is a major concern, especially for clinical 
and therapeutical applications (Cho et al., 2014; Corrigan-Curay et al., 2015; Fu et al., 
2013; Hsu et al., 2013; Mali et al., 2013; Zhang et al., 2015). Moreover, the ability to 
trigger HDR after the DSB is an important factor influencing successful gene editing. If 
the DSB is at an active euchromatic gene region, the epigenetic marker, H3K9me3, will 
recruit the homologous recombination enzymes to the damage site and promote HDR, 
whereas NHEJ will most likely be triggered if the DSB is in a silenced gene region 





The original objective of the project was to the creation of genetically manipulable sites at 
gene loci encoding proteins required for determining the Drosophila body plan. These 
genes included the maternal effect gene bicoid (bcd) and the Hox gene, Sex combs reduced 
(Scr). To insert the genetically manipulable site (attP––y+/w+––attP) at a target locus, HDR 
between a repair template containing the attP flanked site and the endogenous locus was 
to be initiated by two genomic DSBs made by CRISPR Cas9s. This modification of specific 
loci was originally intended as the starting point of a broader study related to the phenotypic 
non-specificity of transcription factor function. 
 
Three w+ transformants were collected from the experiments: two targeting bcd and one 
targeting Scr. However, none of the three w+ transformants were the result of homologous 
recombination. Analysis of these non-homologous recombination events revealed that two 
of the w+ transformants were the result of the mobilization of the white gene on a 
transposon and that the third was the result of the insertion of the mini-white gene of the 
Scr repair template into the genome (with the important hallmarks of transposition). These 
results raise important concerns regarding the unintended consequences of CRISPR based 
genetic manipulations and their effects on the stability of the genome. 
 
Materials and Methods:  
Drosophila melanogaster stocks and media: Drosophila melanogaster stocks were 
obtained from the Bloomington Drosophila Stock Center (Indiana University, 
Bloomington, Ind.) and maintained at room temperature (23-25 ºC) on corn meal media [1% 




and 0.375% (w/v) 2-methyl hydroxybenzoate]. For collection of Drosophila embryos, 
female flies were allowed to lay eggs on apple juice plates [2.5% (w/v) Drosophila-grade 
agar, 6% sucrose, 50% apple juice and 0.3% (w/v) 2-methy hydroxybenzoate. 
 
chiRNAs: Two different chiRNAs (a 3’ and a 5’ chiRNA) were designed to recognize and 
target the respective coding regions of the Scr and bcd genes. For example, the Scr 5’ 
chiRNA targets a region 5’ of Scr exon 2 and the Scr 3’ chiRNA targets a region 3’ of Scr 
exon 3. For efficient and specific target recognition, every chiRNA contained 18 - 20 
nucleotides of sequence complementary to the respective genomic target (first nucleotide 
must be a guanine) (Jinek et al., 2012). Cleavage by Cas9 also requires that the 3’ end of 
the genomic target sequence contain di-guanines (NGG), known as the proto-spacer 
adjacent motif (PAM) (Jinek et al., 2012). Two forms of chiRNA were created: a pU6-
BbsI vector based DNA plasmid form (Gratz et al., 2013) and an in vitro transcribed RNA 
form (Bassett et al., 2013).  
 
In vitro transcribed chiRNAs: Two oligonucleotides were used to generate the chiRNA 
template for in vitro transcription (Figure 1). The forward oligonucleotide 
(GAAATTAATACGACTCACTATAGGN18GTTTTAGAGCTAGAAATAGC) contains 
an upstream sequence and a T7 promoter (underlined) that are required for in vitro 
transcription. This is followed by GGN18 sequence (N18 indicates the target specific 
sequence) and a portion of the chiRNA stem loops (Bassett et al., 2013). The reverse 
oligonucleotide (AAA AGC ACC GAC TCG GTG CCA CTT TTT CAA GTT GAT AAC 




entire chiRNA sequence that comes after the targeting sequence (Figure 1) (Bassett et al., 
2013). The overlapping forward and reverse oligonucleotides were used in a PCR reaction 
(in the absence of any other template) and the resulting product purified using a PCR 
purification kit (Qiagen, Hilden, Germany). In vitro transcription of these templates was 
then performed using the Megascript T7 Kit (Ambion, Austin, USA), with 300 ng of 
purified DNA template for four hours at 37°C. The reaction was extracted with phenol 
chloroform and the RNA product precipitated with ethanol (Bassett et al., 2013). ChiRNAs 
were aliquoted in DEPC-treated water and stored at -80°C. The target specific sequences 
of the chiRNAs are listed in Table 1. 
 
Table 1. In vitro transcribed chiRNA target specific sequences: 
Target gene  5’ ChiRNA 3’ ChiRNA 
Scr GGCAGCGGTGGAGGGGCGGG GGTGCGCGAACTGCGACGGA 
bcd GGATGTTGGTGATGTGGGTG GGGCGAAGGCTTGCCAAATT 







Figure 1. Schematic illustration of the oligonucleotides used to generate the chiRNA 
template for in vitro transcription. “F” indicates the forward oligonucleotide and “R” 
stands for the reverse oligonucleotide. The T7 promoter sequence is highlighted in blue. 
The N18 sequence (orange) indicates the target-specific sequence. This figure is adapted 






Construction of pU6-chiRNAs: The target-specific sequences for both of the Bcd 
chiRNAs were synthesized as 5’-phosphorylated oligonucleotides, annealed, and ligated 
into the BbsI restriction sites of pU6-BbsI-chiRNA (Gratz et al., 2013). The 5’Bcd chiRNA 
targets exon 1 of Bcd and the 3’Bcd chiRNA targets sequence 3’ of Bcd exon 4.The Scr 
pU6-chiRNAs were made by Laura Garofalo prior my arrival to the lab (Table 2) (Garofalo, 
2015) and the Fst pU6-chiRNAs was made by Anthony Percival-Smith and used as a 
positive control (Table 2) (Newman et al., 2017).  
 
Table 2. Phosphorylated oligonucleotides used in the cloning of pU6- chiRNAs: 
 
chiRNAs 
Oligonucleotides (5’ to 3’) 
Forward Reverse 
Bcd 5’ CTTCGGATGTTGGTGATGTGGGTG AAACCACCCACATCACCAACATCC 
Bcd 3’ CTTCGGGCGAAGGCTTGCCAAATT AAACAATTTGGCAAGCCTTCGCCC 
Scr 5’ CTTCGATTTTTGAATTTATGGCAA  AAACTTGCCATAAATTCAAAAATC  
Scr 3’ CTTCGCGTGGCACTTTTCGGGTAC  AAACGTACCCGAAAAGTGCCACGC  






Donor template: The donor templates for targeted homologous recombination were 
cloned into the pFus_A plasmid using a Goldengate approach and consisted of the 
following arrangement of sequences: 5’homologous arm (5’HA) + attP + marker + attP + 
3’homologous arm (3’HA). The eye color white (w+) or the body color yellow (y+) marker 
are flanked by inverted attP F31 recombination sites. 
 
The bcd donor template contains the DNA sequences from bcd exon 1 and bcd exon 4 plus 
marker (y+ or w+) flanked by inverted attP sites. bcd 5’HA sequence (1434 bp) was PCR 
amplified from y w D. melanogaster genomic DNA with primers 5’HA-Bcd-BsaI-F and 
3’HA-Bcd-attP-BsaI-R (Table 3). bcd 3’HA(1516 bp) was PCR amplified from yw D. 
melanogaster genomic DNA with primers Bcd-BsaI-attP-F and Bcd-BsaI-R (Table 3). The 
primers used to amplify homologous recombination arms added the attP recombination 
site sequence (39 bp) and a BsaI restriction site to the 3’ of 5’HA and a BsaI restriction site 
to 5’ end of 5’HA. Similarly, primers added a BsaI restriction site and the attP 
recombination site sequence (39 bp) to the 5’ of 3’HA and a BsaI restriction site to 3’ end 
of 3’HA. The y+ gene was PCR amplified from MiMIC plasmid (Venken et al., 2011) with 
primers y-BsaI-F and y-BsaI-R, which added BsaI restriction sites to the 5’ and 3’ ends 
(Table 3). Similarly, the w+ gene was PCR amplified with primers w-BsaI-F and w-BsaI-
R from a plasmid (Table 3). The three DNA fragments, 5’HA (with 3’ attP), 3’HA (with 
5’ attP), and the marker sequence, were digested with BsaI generating unique 5’ overhangs. 
5’HA, 3’HA, and marker (y+ or w+) DNA fragments and BsaI-digested and 
dephosphorylated pFus_A (Addgene, Watertown, USA) were ligated together in an 




was constructed by Laura Garofalo using the same overall design prior to my arrival in the 
lab (Garofalo, 2015). The w+ fragment for the Scr (w+) donor template was created by PCR 
amplifying the w+ sequence with primers w-SanDI-F and w-BamHI-R (Table 3) thereby 
adding SanDI and BamHI restriction sites to the 5’ and 3’ ends, respectively. The Scr (y+) 
donor template and the amplified w+ sequence were digested with restriction enzymes 
SanDI and BamHI, DNA fragments were isolated and then ligated together to switch the 
y+ marker for w+ marker creating the Scr (w+) donor template. 
 
Table 3. Amplification oligonucleotides used in constructing bcd and Scr donor 
templates. 
Amplicon Bcd and Scr (w+) donor template Amplification Oligonucleotides  
Forward Reverse 









































Embryo genotypes and Cas9 sources: The following lines were used for Drosophila 
embryos injections: (1) the non-Cas9-expressing lines y1 w67c23 (yw), (2) the transgenic 
Cas9-expressing line, act-cas9 (y1 M[Act5c-cas9.P] ZH-2A w+; Bloomington stock center, 
54590) where Cas9 is expressed from a constitutively expressed actin5C promoter, and (3) 
the transgenic Cas9-expressing line, nos-cas9 (y1 M[nos-Cas9.P] ZH-2A w+; Bloomington 
stock center, 54591) where Cas9 is expressed from a germline-specific nanos promoter 
(Port et al., 2014). When injecting yw embryos, the Cas9 source was either pHsp70-Cas9 
DNA plasmids (Addgene, Massachusetts, USA) or Cas9 mRNA (Thermo Fisher, 
Massachusetts, USA). 
 
Injection of embryos: Drosophila melanogaster embryos were collected on a yeasted 
apple juice plate every 30 min at room temperature. Embryos were dechorionated for 1 min 
with 3% sodium hypochlorite and washed with distilled water. Embryos were aligned on 
an apple juice/agar strip and then transferred onto double-sided tape on a microscope slide. 
Embryos were partially desiccated for 3-4 min and then covered in halocarbon oil. DNA 
was injected into the posterior end of the embryo using a glass needle (FHC Inc., Maine, 
USA) attached to a syringe filled with halocarbon oil and viewed on an inverted 
microscope (Wilovert, Wetzlar, Germany). All injections were performed at room 
temperature 30-45 min AEL, where a majority of embryos are at the syncytial blastoderm 





Injection medium: The various injection media used for CRISPR/Cas9-mediated HDR 
are indicated below. All media was prepared in 1X PBS to the indicated final 
concentrations. 
1. Cas9 plasmid / chiRNA plasmid: 500 ng/μl pHsp70-Cas9, 250 ng/μl chiRNA (5’ 
and 3’), 120 ng/μl donor template, 10% (w/v) glycerol. 
2. Cas9 mRNA / chiRNA plasmid: 100 ng/μl Cas9 mRNA, 250 ng/μl chiRNA (5’ 
and 3’), 500 ng/μl donor template, 10% (w/v) glycerol.  
3. Cas9 expressing embryos / in vitro transcribed chiRNA: 500 ng/μl chiRNA (5’ 
and 3’each), 500 ng/μl donor template, 10% (w/v) glycerol. 
4. Cas9 plasmid / in vitro transcribed chiRNA: 500 ng/μl pHsp70-Cas9, 500 ng/μl 
chiRNA (5’ and 3’either together or individually), 120 ng/μl donor template, 10% 
(w/v) glycerol. 
5. Cas9 mRNA / in vitro transcribed chiRNA: 100 ng/μl Cas9 mRNA, 500 ng/μl 
chiRNA (both 5’ and 3’), 300 ng/μl donor template, 10% (w/v) glycerol. 
 
Screening for transformants: Hatched larvae (injection survivors) were collected and 
transferred onto corn meal media 72 hours after injection. In instances where the y+ marker 
was being scored, adults of the G0 generation were screened for the presence of y+ patches 
on the cuticle. All adult G0 flies were crossed to yw flies. The G1 progeny of the fertile 
crosses were screened for wild type (y+) body color or red (w+) eye color.  
 
Drosophila DNA extraction for Illumina sequencing: 2-4 flies were collected and frozen 




(1 part 5M CH3COOK and 2.5 parts 6M LiCl). The DNA was isolated from the lysate using 
DNeasy kit (Qiagen, Hilden, Germany) and purified with ethanol precipitation. The 
A260/A280 and A260/A230 ratios of the samples were greater than 2.0 and 1.8, respectively. 
Sequencing was performed by the London Regional Genomics Centre (London, ON) using 
the Illumina HiSeq2000 platform. The sequencing data was analysed using Geneious 
software.  
 
5’ RACE:  Poly(A)+ mRNA was extracted from adult flies using the Sigma-Aldrich 
mRNA Isolation Kit (Sigma-Aldrich, St. Louis, USA). The Smarter RACE 5’/3’ kit 
(Takara, Kusatsu, Japan) was used to perform RACE. Two nested primers based on 
sequence in the second and third exons of the white gene were used: w_outer (5’-GGA 
GCC GAT AAA GAG GTC AT-3’) and w_inner (5’ CCA GGC ATA GGT GAG GTT 
CT- 3’). Sequencing was performed by the London Regional Genomics Centre (London, 
ON). 
 
PCR strategy for verifying translocation and insertion events: A PCR based strategy 
was utilized to verify the translocation and insertion events in the genome. The primers 
used are listed in Table 4. The PCR products were sequenced by the London Regional 
Genomics Center (London, ON).  
 
PCR strategy used to determine the junction sequence of the ScrD1 insertion: The 
following PCR strategy was used to determine the junction sequence of the ScrD1 insertion 




1 (F1) was from the repetitive sequence (RS) towards the inserted element (IE). A unique 
tag (5’ CTAATACGACTCACTATAGGGC 3’) was added to the end of the F1 primer. 
The reverse primer (R) was from IE toward RS. Forward primer 2 (F2) was designed to be 
complementary to the tag sequence. The two PCR reactions were performed: first, the 
standard PCR mixture with F1 and template DNA was ran for 10 to 15 cycles. After this 
step, the product, which contains the junction site and the tag sequence at the 5’ end was 
amplified with the forward primer F2 and reverse primer R. The PCR products were 
sequenced by the London Regional Genomics Center. This strategy was used to verify the 
left junction sequence of the Scr-D1 insertion event. The primers used to determine the 




Figure 2. Schematic of primers used in the PCR strategy for insertion in repetitive 
sequence region. The inserted element (IE) is inserted in repetitive sequence. Panel A: 
Forward primer 1 (F1) has a unique tag added to the 5’ end. The reverse primer (R) is 
designed from IE towards the repetitive sequence. Panel B: The DNA strand with junction 
sequence and the tag is amplified by primers F2 (complementary to tag) and reverse primer 




Table 4. Oligonucleotides used in PCR for insertion verification. 
Amplicon Oligonucleotides used in PCR for insertion verification 
Forward Reverse 









































Crossing scheme: The crossing scheme used to map the chromosomal location of ScrD1 
is shown in (Figure 3).  
 
Figure 3. Crossing scheme used of map the chromosomal location of ScrD1 
“yw; w+” indicates the G1 transformant. The genomic background for transformant is yw 
and it has a w+ insertion in the genome. The TM6B balancer is the Chromosome 3 balancer. 
The segregation of “w+” from the TM6B balancer indicates that the insertion of “w+” is on 






The introduction of a genetically manipulable site at two target gene loci using 
CRISPR/Cas9 mediated homologous recombination 
As part of a broader study aimed at better understanding phenotypic non-specificity in 
Drosophila, we initially attempted to introduce a genetically manipulable site (attP–– 
marker (y+/w+)––attP) into the maternal effect gene bicoid (bcd), or the Hox gene, Sex 
combs reduced (Scr) (Figure 4). A method based on CRISPR/Cas9 targeting (in 
conjunction with HDR) was chosen as the most practical strategy to replace the coding 
sequences of the respective target genes with the attP––marker––attP construct. As part of 
this strategy, the Cas9 endonuclease, together with the respective chiRNAs and donor 
templates, were injected into syncytial blastoderm embryos. Guided by the chiRNAs, Cas9 
would then be expected to induce DSBs upstream of each of the PAM sequences in the 
coding regions of the respective target genes and induce HDR allowing the insertion of the 
genetically manipulable site into the desired loci. Furthermore, successfully transformed 
flies (with yw; attP––y+/w+––attP construct) that incorporated the cassette would be easily 
identifiable by the wild type body marker (y+) or red eye color (w+). 
 
Four Cas9 sources were used for the microinjections: the pHsp70-Cas9 DNA plasmid, 
Cas9 mRNA, and two transgenic Cas9-expressing lines (act-cas9, and nos-cas9). 
Furthermore, two sources of chiRNA were used for the microinjections: the pU6-BbsI 
vector based DNA plasmid form (Gratz et al., 2013) and the in vitro transcribed RNA form 
(Bassett et al., 2013). In addition, the Frost donor template was used as a positive control 





Figure 4. Schematic of CRISPR/Cas9-mediated HDR at the target gene locus. Red and 
blue rectangles indicate the untranslated regions and coding regions of the exons of the 
target gene respectively. Two chiRNAs (not shown) target the Cas9 nuclease (not shown) 
to the desired loci where they induce double-stranded breaks (DSBs) upstream of the PAM 
sequence (not shown). CRISPR/Cas9-mediated homologous recombination repair initiated 
by the DSBs occurs between the targeted locus and the donor template DNA, containing 
homologous arms of target gene (5’HA and 3’HA), such that the color marker (y+ or w+) 
and the attP sequences are inserted into the target locus. This results in the target gene 




The results of the injections are summarized in Table 5. The Frost control yielded w+ 
transformants (2 / 173 fertile crosses, Cas9 plasmid and chiRNA plasmid were used). For 
bcd and Scr experiments, some G0 flies with injection of y+ donor templates had y+ clones 
of cells when the chiRNA source was RNA or plasmid encoded, indicating somatic 
transformation. No G1 germ-line y+ events were recovered. For injections with the w+ 
donor templates, three independent w+ G1 transformants were collected from the injections 
using plasmid DNA as the Cas9 source and plasmid DNA derived chiRNAs. Among the 
three transformants, two were obtained during experiments targeting bcd, and one when 
targeting Scr (named Bcd 4, Bcd 39 and Scr-D1) (Table 5). 
 
The Bcd 4 and Bcd 39 events were not a result of homologous recombination since the w+ 
trait of Bcd 4 and Bcd 39 segregated with the second chromosome, and the bcd locus is on 
the third chromosome. Therefore, the integration of w+ sequences in Bcd 4 and Bcd 39 
represent non-homologous recombination events. Furthermore, we reasoned that Scr-D1 
was also not a homologous recombination event based on the following logic: Scr null 
alleles are haplo-insufficient for the formation of  sex combs, resulting in a reduction in the 
number of sex combs from 10-12 to only 5-6 (Bantignies et al., 2011; Ragab et al., 2006; 
Sivanantharajah & Percival-Smith, 2009; Southworth & Kennison, 2002). Integration of 
w+ into the Scr locus, deleting the Scr coding region, thus should have reduced the number 
of male sex combs. However, Scr-D1 males exhibited a normal sex comb bristle number 
(data not shown) indicating that Scr-D1 did not represent a homologous recombination 
event. To characterize the nature of the three non-homologous recombination events, full 




Table 5. Injection result summary. 
The “Genotype” column indicates the fly line injected: either y1w67c23 (yw) or transgenic 
Cas9-expressing lines. The “Gene” column shows the target gene name and the marker 
used in the donor template. The “Cas9 source” column indicates the Cas9 source: pHsp70-
Cas9 DNA plasmid, Cas9 mRNA or expression from the Cas9 transgenic lines. The 
“chiRNA” column indicates the chiRNA source used, pU6-BbsI vector-based DNA or in 
vitro transcribed RNA, and whether two (5’ and 3’) or one (5’ or 3’) chiRNA were used. 
The “crosses #” column indicates the number of crosses with injection survivors. The 
“fertile #” indicates the number of fertile crosses. “G0 mosaic transformant” and “G1 
transformant” indicated the number of successful G0 and G1 transformants, respectively. 
Fly 
Genotype 






DNA plasmid RNA (5'+3') 89 49 6 0 
yw Bicoid 
(y+) 
DNA plasmid RNA 5' 38 20 1 0 
yw Bicoid 
(y+) 
DNA plasmid RNA 3' 53 30 1 0 
yw Bicoid 
(y+) 
DNA plasmid DNA (5'+3') 92 64 4 0 
yw Bicoid 
(w+) 
DNA plasmid RNA (5'+3') 44 29 N/A 0 
yw Bicoid 
(w+) 
DNA plasmid RNA 5' 26 21 N/A 0 
yw Bicoid 
(w+) 
DNA plasmid RNA 3' 33 24 N/A 0 
yw Bicoid 
(w+) 
DNA plasmid DNA (5'+3') 201 132 N/A 2 
yw Scr (y+) DNA plasmid RNA (5'+3') 113 83 6 0 
yw Scr (y+) DNA plasmid DNA (5'+3') 117 89 0 0 
nos-cas9 Scr (y+) Transgenic DNA (5'+3') 208 107 0 0 
act-cas9 Scr (y+) Transgenic DNA (5'+3') 44 21 0 0 
yw Scr (w+) DNA plasmid DNA (5'+3') 287 215 N/A 1 
yw Frost 
(w+) 
DNA plasmid RNA 5' 97 74 N/A 0 
yw Frost 
(w+) 
mRNA RNA 5' 67 47 N/A 0 
yw Frost 
(w+) 





The sequence of the w67c23 allele  
The Illumina sequencing data obtained was first used to determine the sequence and 
detailed structure of the w67c23 allele. The w67c23 allele is a deletion derivative of an unstable 
allele, wc (Collins & Rubin, 1982, 1984). In the w67c23 allele, about 130 kb (from X, 
2795604 to 2924488) is deleted compared to the Drosophila melanogaster genome 
sequence (release r6.40) (Hoskins et al., 2015). The deletion includes the promoter region, 
first exon and start codon of the white gene. The FB-NOF-FB element is in the deleted 
region next to a 364 bp long direct duplication of w sequence (from exon 2 to exon 3 and 
including intron 2) located upstream of intron 1 (Figure 5). Furthermore, a FB element 






Figure 5. w67c23 allele structure. 130 kb of sequence is deleted (from X, 2795604 to 
2924488) upstream of the white locus. The FB-NOF-FB element is inserted into the 
genome upstream of the duplicated w sequence (364 bp-long and same orientation as the 
w gene). Another FB element is located 9.2 kb downstream of the white gene. The fusion 
point of the FB element occurs in the 3C2 region of the genome. FB element sequence is 
indicated in brown. “X, 2924489” indicates the exact nucleotide position within the D. 





Bcd 4 and Bcd 39 have no mini-white in the genome. 
The w+ allele on the donor templates is “mini-white” and has most of intron 1 removed 
(Hazelrigg et al., 1984; Levis et al., 1985; Pirrotta et al., 1985). The junction created by 
the removal of intron 1 is a unique characteristic of the mini-white gene that distinguishes 
it from the endogenous white locus. Aligning the sequence data to the reference genome 
revealed that the deletion junction of mini-white is present in the Scr-D1 genome, but not 
in Bcd 4 or Bcd 39 genomes. Furthermore, no sequence from the Bcd 4 and Bcd 39 genomes 
aligned to the white promoter and exon 1 sequence. This suggested that the white insertion 
in Scr-D1 contained mini-white, but that the w+ phenotype observed in Bcd 4 and Bcd 39 
came about through a different mechanism (one that allows white expression without its 
native promoter, exon 1, and a start codon).  
 
Transposition of w67c23  
The w67c23 locus can be mobilized on a transposon (flanked by the NOF sequence and a FB 
element) and inserted into a gene in such a way that the gene’s promoter and start codon 
are used to produce a chimeric transcript and protein with white, thereby resulting in a w+ 
phenotype (Moschetti et al., 2004). We hypothesized that such an event had occurred in 
the Bcd 4 and Bcd 39 genomes. To test this hypothesis 5’ RACE was performed on mRNA 
extracted from Bcd 39 and Bcd 4 to isolate and identify the chimeric mRNAs. Surprisingly, 
the cDNAs of Bcd 4 and Bcd 39 chimeric mRNAs had identical sequences. The chimeric 
RNAs have the osp exon 1 spliced in frame to w exon 2, indicating that the w67c23 allele 
had migrated to the outspread (osp) locus (Figure 6). The short, duplication of the second 




In the genomes of Bcd 4 and Bcd 39, a 14-kb-long DNA fragment between the upstream 
FB element (5’ end of NOF sequence upstream of w67c23 allele) and the downstream FB 
element (9.2 kb downstream of w67c23 locus) transposed into intron 1 of the osp locus. To 
characterize the exact insertion sites of the w67c23 allele in intron 1 of osp, PCR was used 
to obtain the 5’ and 3’ junction sequences of the insertion site for both Bcd 4 and Bcd 39. 
The w67c23 allele is inserted at position (2L, 14642091) with a 9-bp tandem repeat 
(TAGTTTGTT) on both sides of the insertion in Bcd 4 and at the position (2L, 14683661) 
with a 11-bp tandem repeat (CTGACAGTGTG) on both sides of the insertion in Bcd 39 








Figure 6. FB mediated w67c23 allele migration in Bcd 4 and Bcd 39 genome. The purple 
boxes on the osp transcript are osp exons. The w67c23 allele migrated and inserted into intron 
1 of the osp gene. Unbolded red letters indicate the osp gene sequence. Bolded red letters 
indicate the tandem repeat (release r6.40) (Hoskins et al., 2015). The insertion positions 
are indicated below the first tandem repeat. The promoter of osp drives the expression of 
the w+ allele creating the chimeric mRNA (osp exon1 + w exons). The scale bar indicates 





Characterization of Scr-D1 
Since the penetrance of the variegated eye phenotype of Scr-D1 was low (< 2%), PCR was 
used to follow the mini-white allele. The Scr-D1 males were crossed with y w; L/CyO; 
Kiftz11/TMB6 females and DNA extracted from F1 flies (Figure 7 A). The mini-white was 
present in both male and female offspring, and therefore, not X linked (Figure 7 B). Males 
from the F1 generation (with the marker L and the balancer TM6B) were crossed with y w 
female virgins and the F2 generation offspring collected (Figure 7 C). PCR was performed 
on DNA extracted from the F2 generation. Mini-white segregated from the balancer TM6B 







Figure 7. Chromosome segregation assay of Scr-D1 mapping “w+” to the 3rd 
chromosome. The Scr-D1 males were crossed with yw; L/CyO; Kiftz11/TMB6 females and 
DNA extracted from F1 flies (Panel A). NC: negative control — no w+ insertion in yw 
genome. The mini-white gene was present in both male and female offspring, and therefore, 
not X linked. Males from the F1 generation (with the marker L and the balancer TM6B) 
were crossed with yw female virgins and the F2 generation offspring collected (Panel C). 
PCR was performed on DNA extracted from the F2 generation (Panel D). Mini-white 
segregated from the balancer TM6B and not from marker L, indicating insertion on the third 
chromosome. The ladder used in B and D is 1 kb+ DNA ladder (Thermo Fisher, 




Analysis of paired end reads of the Illumina sequencing data suggested that ScrD1 was 
inserted into repetitive DNA (Figure 8). Characterization of the sequence of the DNA at 
the junction of the insertion indicated the insertion is in a TE 17.6 transposable element on 
the 3rd chromosome at 81F (3R, 1280556) (release r6.40) (Hoskins et al., 2015) close to 
pericentric heterochromatin, which explains the variegated eye color phenotype (Figure 8 
B). Furthermore, the mini-white cassette and small portions of the Scr w+ donor template 
were integrated into the genome, and the DNA inserted was flanked by 6 to 2 bp-long 
tandem repeats (AGGGTT to AG) at the integration site. The ends of the donor plasmid 









Figure 8. Scr-D1 insertion site and Scr-D1 phenotype. Panel A: Location of w+ insertion 
in Scr-D1 genome (3R, 81F, 1280556). The inserted w+ fragment is flanked by a 6 - 2bp-
long tandem repeats (AGGGTT) at the integration site. Portions of the Scr w+ donor 
template (black letters) and mini – white cassette were integrated into the genome. See 
Appendices 4 and 5 for the sequence. The additional 25 bp sequence: ACT GTA TGC CAT 






Here I present the results of my investigation into the origin of three w+ transformants (Bcd 
4, Bcd 39 and Scr-D1) collected during the course of experiments initially intended to result 
in the targeted integration of genetically manipulable sites via CRISPR. Unfortunately, 
none of the transformants were the result of homologous recombination. Two of the 
transformants (Bcd 4 and Bcd 39) were the result of the mobilization of the w67c23 allele 
into the osp gene locus. The third transformant, Scr-D1, was the result of an insertion of 
mini-white into the genome (with hallmarks of transposition). In neither case (bcd locus or 
Scr locus) was the DSB repaired by the homologous template. 
 
The common characteristic of the three non-homologous recombination events is 
transposition. These are trans events because the w67c23 allele and the Scr donor plasmid 
are not on the third chromosome where CRISPR induced the DSBs. This is in contrast to 
similar experiments where the Fst locus was successfully targeted using a similar approach 
(Newman et al., 2017). For these reasons it is important to consider factors common to the 
targeting of bcd and Scr, and in contrast to the targeting of Fst, so that the observed non-
homologous events might be better understood. One major difference is that bcd and Scr 
induce two DSBs 2.6kb and 16.8 kb apart, respectively, versus a single DSB for Fst. This 
raises the possibility that widely separated DSBs may increase the number of non-
homologous events. A second commonality is that both bcd and Scr are in the 
Antennapedia complex and Fst is not. Within 50kb of either side of the DSBs of Fst there 





The w67c23 allele 
The y1w67c23 line is commonly used in Drosophila research and has a yellow body color 
and white eyes. The w67c23 allele is an amorphic allele derived from the white-crimson (wc) 
allele, which is a partial revertant of the white-ivory (wi) allele (Collins & Rubin, 1982, 
1984). The wi allele is a 2.96 kb tandem duplication of white sequence (from intron 1 to 
exon 3) in the white locus (Bhadra et al., 1997; Sabl & Birchler, 1993; Suárez et al., 1996). 
The wc allele is an insertion of a 10kb FB element into the wi duplication that reverts the wi 
phenotype and is unstable either reverting to wi or generating w mutant alleles at a high 
frequency (Collins & Rubin, 1982, 1984). 
 
From my characterization of the DNA sequence, the w67c23 allele is a deletion derivative of 
allele wc in which 130kb of DNA upstream of the white gene is deleted, including the first 
exon, start codon and promoter region of the white gene (Moschetti et al., 2004). In addition, 
a transposon-like element, NOF, flanked by two FB transposable elements is between the 
deletion breakpoint such that the FB-NOF-FB element is directly upstream of a 364 bp 
long of duplicated sequence of the white gene from exon 2 and exon 3. It is possible that 
the duplicated sequence next to the NOF FB element was part of the 2.96 kb tandem 
duplication of the initial wi allele. 
 
Transposable elements 
Transposable elements (TEs) are DNA sequences that can move their positions in the 
genome. The mechanism of transposition is commonly used to categorize TEs: Class I 




using reverse-transcription, while Class II elements transpose using a DNA intermediate 
either by a replicative or “cut and paste” mechanism (Craig et al., 2002; Finnegan, 1992). 
Foldback (FB) elements are a distinct group of poorly described TEs that are difficult to 
classify as the mechanism of transposition is unknown (Feschotte & Pritham, 2007). 
Furthermore, the transposases used have not been identified (Marzo et al., 2008). 
Approximately 10% of FB elements are associated with a NOF sequence (4 kb) which 
codes for a 120-kDa protein of unknown function (Harden & Ashburner, 1990; Templeton 
& Potter, 1989). Their inverted terminal repeats contain different number of short repeats 
in direct orientation. This characteristic allows FB elements to easily form extensive 
secondary structures which can lead to DNA modifications like deletions, duplications and 
other chromosomal rearrangements at high frequency (Potter et al., 1980). While the exact 
mechanism of FB mediated transposition is not fully understood, it is known that the FB-
NOF element is a non-autonomous transposition element (Badal et al., 2013). The protein 
coded by NOF sequence lacks any known transposase motifs and has structural similarity 
with hydrolases (Badal et al., 2013). 
 
In Bcd 39, the tandem repeat at the w67c23 allele insertion sites is 11-bp and in Bcd 4, the 
tandem repeat is 9-bp. As FB-NOF is a non-autonomous transposable element, and the 
tandem repeats at the respective insertion sites are of different sizes, it is likely that these 
two transposition events are mediated by two different transposases (Linheiro & Bergman, 
2012). The tandem repeat reported by Moschetti et al. (2004) is 9-bp, which is the same as 
we observed in Bcd 4. In our experiments, no external transposons or transposases were 




endogenous transposases, adding to evidence that FB-NOF element is a non-autonomous 
transposable element. 
 
w67c23 migration events 
Migration of the w67c23 allele has been reported previously (Moschetti et al., 2004). When 
plasmids carrying the mariner-like transposable element Bari, pBari1_47Dw+, were 
injected into the w67c23 embryos, the w67c23 allele migrated to the introns of other genes. In 
each of the three characterized events, the w67c23 allele transposed into an intron of either 
osp, CG6487, or Cg3973. The promoters of the genes, osp, CG6487, and Cg3973 drove 
transcription of w67c23 allele, creating chimeric white mRNA where the initial reading frame 
encoded by the gene is in frame with the w reading frame leading to expression of a 
chimeric protein that is functional for deposition of pigments.  
 
Considering our data together with the work of Moschetti et al. (2004), a total of five w67c23 
migration events have been characterized. In three cases, the insertion site is in the osp 
gene. The osp gene locus may thus represent a “hot-spot” for transposition. For the bcd 
experiments, two w67c23 migration events were observed among 132 fertile crosses which 
constitute about 13,200 gametes screened. It is likely, however, that other w67c23 migration 
events occurred but where the w+ phenotype simply could not be detected. Insertion in the 
reverse orientation would not express a chimeric transcript encoding the white open reading 
frame. Two thirds of the insertions in the correct orientation would not be in-frame. 
Therefore, only 1/6 insertion are expected to result in the w+ phenotype (12 out of 13,200 




which constitutes about half the genome sequence (24 out of 13,200 gametes). Insertions 
into heterochromatic regions may never be identified, and furthermore, only insertions in 
genes that are expressed during eye pigmentation will express the w+ phenotype, such that 
the rate of detection of these events could be in the range of 1/24 to 1/48 or even less. 
Therefore, the rate of transposition of w67c23 could be 48 to 96 out of 13,200 gametes. This 
rate is low and would not be expected to have much chance of turning up in the same fly 
with an independent HDR event. However, if all unmarked transposons in the Drosophila 
genome migrated at the same frequency as w67c23 then the rate is very high. 
 
There are 5,373 terminal inverted repeat (TIR) elements in the genome; therefore, on 
average 18-36 transposon events are expected per gamete (Mérel et al., 2020). If migration 
occurs for all 34,805 transposons at the same frequency as w67c23 then on average 126-253 
transposon events are expected per gamete. The major problem is the random insertion of 
an unmarked TE close to the locus being modified by CRISPR and causing an independent 
phenotype that may be mistakenly ascribed to the CRISPR modification. The 
transformation procedure includes backcrosses which would reduce the number of 
transposition events recovered if not closely linked to the CRISPR modified locus. The 
total length of the genetic map is 284 mu, so the number of TE inserted 10 mu away from 
the targeted locus (closely linked) is 17.2 in the worst-case scenario. Therefore, it is 
reasonable to suggest that at least two independent CRISPR induced alleles are assessed 
for a phenotype given the potential for induction of major genome instability by CRISPR. 
This potential problem with DSB breaks inducing transposition needs to be quantitated for 




sequence inserted into the pericentric heterochromatin in Chromosome 3R. The inserted 
fragment is flanked by 6 to 2-bp-long tandem repeats (AGGGTT), which indicates that this 
event is catalyzed by a transposase. However, inverted repeats characteristic of TIR TEs 
where not found in the sequence transposed. The mobilization of w67c23 and the insertion 
of mini-white suggests a general activation of transposition by CRISPR. The activation of 
transposition by DSBs in humans would be a major concern for clinical applications of 
CRISPR as random insertion of DNA can lead to cancer (Anwar et al., 2017).  
 
The mobilization of TEs 
Both the induction of DSBs and the introduction of the Bari1 transposon by microinjection 
result in the mobilization of the w67c23 allele. Although without direct evidence, Moschetti 
et al, 2004 speculated that the w67c23 allele migrations observed were catalyzed by the 
protein, BARI1, encoded by the injected Bari1 transposon. Bari1 is a member of the Tc1-
mariner superfamily which belong the Type II class of transposons, which transpose from 
one position to another in the genome using a DNA intermediate. During transposition of 
Type II transposons, the transposases bind to the terminal repeats of the transposons and 
induce double-strand DNA breaks (Craig et al., 2002; Finnegan, 1992). The induction of 
DSBs with CRISPR and potentially with injection of Bari1 suggests a common mechanism 
for the initiation of the mobilization of the w67c23 allele and the mini-white gene. 
 
If the induction of DSBs initiates the activation of TE in the genome, then how might this 
occur? We speculate that the formation of DSBs inhibits the Piwi-interacting small 




expression and transposition (Chung et al., 2008; Czech et al., 2008; Ghildiyal et al., 2008; 
Kawamura et al., 2008; Lau et al., 2009; Roy et al., 2020). The piRNAs and siRNAs bind 
to TE transcripts through sequence complementarity removing TE transcripts (Chung et 
al., 2008; Czech et al., 2008; Ghildiyal et al., 2008; Kawamura et al., 2008; Lau et al., 
2009; Roy et al., 2020). Furthermore, piRNAs and siRNAs will guide RNA-protein 
complexes to euchromatic TEs recruiting DNA and histone methyltransferases to the TEs 
and resulting in an enrichment of repressive epigenetic markers (like H3K9me2) in regions 
with high TE densities (Choi & Lee, 2020). We speculate that DSBs counteract this gene 
silencing epigenetic mechanism. 
 
One potential mechanism may involve the Drosophila H2A variant (H2Av). H2Av is the 
functional and structural chimeric of two eukaryotic conserved H2A variants: H2AX and 
H2AZ (Baldi & Becker, 2013). Studies have shown that H2AZ is involved in gene 
transcription regulation and heterochromatin silencing (Billon & Côté, 2012), whereas 
H2AX is responsible for the repair of DNA damage, especially the phosphorylation of the 
C-terminal end of H2AX is crucial of mediating the machinery of DNA damage repair 
(Scully & Xie, 2013). H2Av is also phosphorylated at sites of DSBs (Joyce et al., 2011; 
Lake et al., 2013; Madigan et al., 2002). The DSBs initiated via CRISPR in our 
experiments and via the TE Bari1 in Moschetti's study might cause the phosphorylation of 
H2Av and override TE repressing mechanisms (inactivating demethylases that remove 
H3K9me2 markers in the TE regions) resulting in increased TE mobilization. Within 50kb 
of either side of the DSBs of bcd and Scr there are three and five TEs respectively. 




methyltransferases being recruited to the TE region, increasing TE activity and thus 
resulting in the observed increase in transposition (Lee & Karpen, 2017). 
 
Significance and implications  
The DSBs induced by the CRISPR/Cas9 system initiate the activation of TEs in the genome. 
The transposition of the w67c32 allele is catalyzed by different transposases and provides 
evidence supporting the proposal that the FB-NOF element is non-autonomous (Badal et 
al., 2013). The potential of the induction of transposition at all TE integration sites raises 
more concerns regarding the unintended consequences of CRISPR/Cas9 based genetic 
manipulations by identifying the additional potential problem of DSBs inducing 
transposition. The unintended activation of TE transposition may result in the phenotype 
of mutant alleles in genes closely linked to the target gene being ascribed to the target gene. 
Therefore, the assessment of the phenotype of at least two independent CRISPR alleles is 
suggested. In addition, if this occurs in humans then it may affect the ability to safely 
modify human genetic conditions with CRISPR. Finally, these w67c23 allele migration 
events are examples of exon shuffling and transduction transposition, which refers to the 
phenomenon where exons from different genes are transposed into new genomic contexts 
and under control of new promoters (Gilbert, 1978; Moran et al., 1999; Moschetti et al., 
2004). There is the potential that DSB initiated transposition may be associated with exon 
migration that may facilitate the generation of novel genetic functions during the evolution. 
The activation of TE with DSBs may provide an experimental paradigm to study the 





Limitations of CRISPR experiment 
The CRISPR injections in this project were not successful. No on-target transformants were 
collected from Scr and bcd experiments. Several limitations of CRISPR experiment design 
need to be addressed. First of all, the efficiency of the designed chiRNAs needs to be 
verified through algorithmically designed software (Naeem et al., 2020). The specificity of 
Cas9 is very high in bacteria genome. However, due to the genome size and complexity, 
the off-target effects in eukaryotic genome are much higher in eukaryotic genome than 
bacteria (Pattanayak et al., 2013). In order to increase the specificity and efficiency of 
CRISPR technique, researchers have developed algorithm-based computational tools to 
help design the chiRNA, such as: CasOT, Cas-OFFinder, Digenome-seq, SITE-seq, 
GUIDE-seq and etc. (Naeem et al., 2020). The chiRNAs used in this project, especially the 
chiRNAs targeting Scr, were designed manually to target the region to be deleted and next 
to the deletion boundary, and did not use these algorithms. Potential off-target sites in the 
Drosophila genome or even in the donor template sequences were not detected. Second, 
the DNA sequence of the target locus in the yw line genome needs to be sequenced. The 
chiRNAs were designed based on the reference genome sequence of Drosophila on 
Flybase. There might be polymorphisms between the reference genome and the genome of 
yw line. The target efficiency of CRISPR system is determined through 20 nucleotide 
sequences of chiRNA and the PAM sequence (Fu et al., 2013). The potential 
polymorphisms may disrupt the chiRNA design as more than three mismatches between 
target sequences and 20 nucleotides of chiRNA can result in off-target effects and four 
mismatches in distal end of PAM may also induce off-target effects (Fu et al., 2013; Singh 




experiment (Newman et al., 2017), the positive control, one major difference is that bcd 
and Scr induce two DSBs 2.6kb and 16.8 kb apart, respectively, versus a single DSB for 
Fst. It is possible that widely separated DSBs may increase the number of non-homologous 
events and reduce the efficiency of the CRISPR design. Fourth, using y1w67c23 as the target 
line should be avoided. As the DSB will induce the w67c23 allele migration inside the 
genome, using y1w67c23 as the target line for CRISPR injection should be avoided. Other w 
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Chapter 3. The differential pleiotropy of 




The regulation of the rate of transcription initiation is a major mechanism controlling gene 
expression. The rate is mediated by transcription factors (TFs) that bind to specific DNA 
binding sites in the regulatory sequences of a gene. The set of TFs expressed in a cell are 
responsible for the transcription of a unique set of genes that dictate the phenotype of a cell 
or group of cells. A common view of TF function is that the unique expression pattern 
observed in a cell is dependent on the binding of TFs to specific cis-acting elements in the 
regulatory sequences of genes. This is achieved through DNA binding domains that 
recognize a specific DNA sequence, together with specific cooperative protein-protein 
interactions such that a restricted set of genes are regulated to bring about a phenotype. For 
example, the yeast mating type TF, a1, in a cooperative interaction with the MCM1 protein, 
activates the expression of both the “a”pheromone and “a” pheromone receptor required 
for the a mating type phenotype (Elble & Tye, 1991). Based on traditional models, there 
is little expectation that the function of TF a1 can be substituted with by another TF that 
recognizes a distinct DNA binding sequence. Thus, the observation of phenotypic non-




phenotype, is surprising and hard to reconcile with a very specific model of TF function 
(Percival-Smith, 2017, 2018). 
 
Phenotypic non-specificity is observed within and between TF families (Banreti et al., 
2014; Greig & Akam, 1995; Hirth et al., 2001; Lelli et al., 2011; Percival-Smith, 2017; 
Percival-Smith & Laing Bondy, 1999; Percival-Smith et al., 2013; Percival-Smith et al., 
2005). However, most of the phenotypes assessed for phenotypic non-specificity using TFs 
from different families were the result of the ectopic expression of the TF; the only example 
of functional complementation being the rescue of PB-dependent growth of the maxillary 
palp by DSXM (Percival-Smith, 2017). Examples of phenotypic non-specificity are not 
limited to Drosophila. For example, the three OSK (Oct3/4, Sox2, Klf4) TFs induce 
pluripotency with very low efficiency that is increased by co-expression of either Myc or 
Glis1 (Kulcenty et al., 2015). In addition, single cell transcriptomics has uncovered 
phenotypic convergence where distinct sets of TFs regulate the same phenotype in the optic 
lobe of Drosophila; a situation easily likened to phenotypic non-specificity where multiple 
TFs induce or rescue the same phenotype (Konstantinides et al., 2018). 
 
Changes in TF function during evolution are largely attributed to changes in cis-regulatory 
sequences that alter TF expression or expression of TF target genes (Carroll et al., 2004; 
Ludwig, 2002; Simpson, 2002; Stern, 2000; Tautz, 2000; Wray et al., 2003). Because of 
the autonomous nature of cis regulatory sequences, mutations that affect cis regulatory 
elements have limited effects. In contrast, due to the constraint and pleiotropy of TFs, 




selection. However, these ideas are based on uniform pleiotropy, where each coding 
mutation affects every trait or function for which a given protein is required. Differential 
pleiotropy (the non-uniform effect of mutations) and functional redundancy are two 
mechanisms that reduce mutational pleiotropy. The examples of differential pleiotropy 
observed with genes encoding HD-containing proteins suggests that the transcriptional 
functions of HD-containing TFs are dispersed as small protein elements throughout the 
protein, and that each of these elements make small, tissue-specific contributions to overall 
TF function (Hittinger et al., 2005; Joshi et al., 2007; Merabet et al., 2011; Percival-Smith 
et al., 2013; Prince et al., 2008; Sivanantharajah & Percival-Smith, 2009, 2014, 2015; Tour 
et al., 2005). Phenotypic non-specificity suggests functional redundancy between TFs. It 
is therefore appropriate to determine whether the rescue exhibits uniform or differential 
pleiotropy in examples of functional complementation. 
 
A model of limited specificity of TF function explains phenotypic non-specificity 
(Percival-Smith, 2018). The model predicts phenotypic non-specificity to be a widespread 
phenomenon and thus easily observable in nature. In this chapter, I screened for phenotypic 
non-specificity using functional complementation of six TF loci with at least 12 non-
resident TFs. I found that phenotypic non-specificity was frequently observed and that the 
rescue of the phenotypes was differentially pleiotropic. 
 
Materials and Methods 
Drosophila husbandry: Flies were maintained at 23°C and 60% humidity and were reared 




grade agar, 6% (w/v) sucrose, 10% (w/v) cornmeal, 1.5% (w/v) yeast and 0.375% (w/v) 2-
methyl hydroxybenzoate]. To collect eggs, embryos, and first instar larvae, flies were 
allowed to lay eggs on apple juice plates [2.5% (w/v) Drosophila-grade agar, 6% (w/v) 
sucrose, 50% apple juice and 0.3% (w/v) 2-methy hydroxybenzoate] and the progeny aged 
to the appropriate stage for a given analysis. All genotypes were assembled with standard 
Drosophila crossing schemes. 
 
Genetic screens for phenotypic non-specificity: A total of 13 TFs were used as part of this 
study: Labial (LAB), Deformed (DFD), Antennapedia (ANTP), Sex combs reduced (SCR), 
Doublesex male (DSXM), Apterous (AP), Bric a bac 1 (BAB1), Eyeless (EY), Squeeze 
(SQZ), Forkhead box subgroup O (FOXO), Disco (DISCO), Broad Z1 (BR.Z1), Broad Z2 
(BR.Z2). In each experiment, the resident TF and at least 12 non-resident transcription 
factors were screened for rescue of the seven TF phenotypes. All of these TFs were 
expressed from UAS constructs inserted on the second chromosome (UAS-X). The 
genotypes used in the six screens are:  
Labial screen, y w; P{UAS-X, w+} or P{UAS-X, w+}/CyO; lab14 /TM6B, Tb, P{walLy} X 
y w; P{labGAL4, w+}/CyO; lab4 / TM6B, Tb, P{walLy};  
Deformed screen, y w; P{UAS-X, w+} or P{UAS-X, w+}/CyO; Dfd 12/TM6B, Tb, P{walLy} 
X y w; P{DfdGAL4, w+}, Dfd 16 e/ TM6B, Tb, P{walLy};  
Sex combs reduced screen, y w; P{UAS-X, w+} or P{UAS-X, w+}/CyO; Scr4 e /TM6B, Tb, 
P{walLy} X y w; P{ScrGAL4, w+}; Scr2 cu pp/ TM6B, Tb, P{walLy}; 
Ultrabithorax screen, y w; P{UAS-X, w+} or P{UAS-X, w+}/CyO; Ubxabx1, bx3, 61d, pbx1 




Doublesex screen, y w; P{UAS-X, w+} or P{UAS-X, w+}/CyO; dsx1 /TM6B, Tb, P{walLy} 
X w; dsxGAL4 / TM6B, Tb; 
Fruitless screens, y w; P{UAS-X, w+} or P{UAS-X, w+}/CyO; fru4-40 /TM6B, Tb, P{walLy} 
X w; fruGAL4A/ TM6B, Tb, P{walLy} or y w; fruGAL4B / TM6B, Tb, P{walLy}.  
The two control stocks for the Ubx and dsx screens with UAS insertions on the third 
chromosome are: y w; P{UAS-Ubx, w+}, Ubxabx1, bx3, 61d, pbx1 /TM6B, Tb, P{walLy}, and y 





The sources of the different lines used in the experiment are listed below: 
TABLE-1 Source of GAL4 and mutant allele lines 
Allele Name Stock # and Source 
lab-GAL4 43652 Bloomington 
lab4 2084 Bloomington 
lab14 2092 Bloomington 
Scr-GAL4 43656 Bloomington 
Scr2 2185 Bloomington 
Scr4 2188 Bloomington 
Dfd-GAL4 48844 Bloomington 
Dfd12 2315 Bloomington 
Dfd16 2325 Bloomington 
dsx-GAL4 66674 Bloomington 
dsx1 1679 Bloomington 
fru-GAL4 (A) 66696 Bloomington 
fru-GAL4 (B) 30027 Bloomington 
fru4-40 Obtained from Amanda Moehring 
(Chowdhury et al., 2020) 
rn-GAL4 76179 Bloomington 
Ubx-GAL4 48137 Bloomington 
Ubx9.22 3474 Bloomington 
Ubxabx1, bx3, 61d, pbx1 101566 Kyoto 
 
Source of UAS lines 
Allele Name Stock # and Source 
UAS-lab 7300 Bloomington 
UAS-Scr 7302 Bloomington 
UAS-Dfd 7299 Bloomington 
UAS-Antp 7301 Bloomington 
UAS-ap 42223 Bloomington 
UAS-bab1 6939 Bloomington 
UAS-br.Z1 51190 Bloomington 
UAS-br.Z2 51380 Bloomington 
UAS-disco 6846 Bloomington 
UAS-dsxF 44223 Bloomington 
UAS-dsxM 44224 Bloomington 
UAS-ey 6294 Bloomington 
UAS-fruMC 66695 Bloomington 
UAS-foxo 9575 Bloomington 
UAS-sqz 36497 Bloomington 
UAS-Ubx 911 Bloomington 
 
“Bloomington” stands for Bloomington Drosophila Stock Center (Bloomington, USA). 




Phenotypic analysis: For the Labial, Deformed, and Sex combs reduced screens, the Hoxnull 
genotypes were marked independently of the Hox phenotype with yellow (Hyduk & 
Percival-Smith, 1996). In all crosses, the parents were y; Hoxnull/TM6B, Tb, P{walLy}, and 
therefore, the y; Hoxnull/Hoxnull progeny were yellow (y) because all other progeny have 
TM6B, Tb, P{walLy}, which were y+. At 20-32h AEL, first instar larvae were 
dechorionated with bleach and devitellinized by shaking in a 1:1 heptane/methanol mixture. 
The larvae were mounted in Hoyer’s mounting and viewed under bright field, phase 
contrast and dark field optics (Wieschaus & Nusslein-Volhard, 1986). The bright field 
images of the head skeletons were processed with the extended focus function of the 
software, Zen (Zeiss, Oberkochen, Germany). The phase contrast images were processed 
with the software ImageJ (NIH, Bethesda, USA). The proportion of Hoxnull hatched larvae 
relative to the total numbers of eggs laid was determined. For labial morphometric analysis, 
the distance between mouth hooks and the length of the head skeleton were measured using 
Openlab software (Leica, Wetzlar, Germany). For Scr morphometric analysis, the number 
of T1 beard setae were counted manually in dark field images taken in Openlab software 
(Leica, Wetzlar, Germany). To count the number of sex combs in the Scr screen, the first 
pair of legs of y w; P{ScrGAL4, w+}/P{UAS-X, w+}; Scr4 e/ TM6B, Tb, P{walLy} were 
collected and mounted in Hoyer’s mounting. 
 
For the Ultrabithorax screen, the yw; P{UAS-X, w+}/+; Ubxabx1, bx3, 61d, pbx1 /Ubx9.22, 
P{UbxGAL4, w+} genotypes were identified as adults or pupae by their non-humeral or 
non-tubby phenotypes, respectively (lacking TM6B, Tb, P{walLy}). Eclosed or pharate 




scanning electron microscopy at the Biotron Integrated Microscopy Laboratory (London, 
ON). 
 
To count sex combs for the doublesex screen, the first pair of legs were mounted in Hoyer’s 
mounting. The dorsal abdomens were imaged with a dissecting microscope and the images 
processed with the extended focus function of the software, Zen. To image the genitals, 
eclosed flies were critical point dried, sputter coated, and imaged with scanning electron 
microscopy at the Biotron Integrated Microscopy Laboratory (London, ON). 
 
For the fruitless screen, freshly eclosed male flies were placed in separate vials and aged 
for 3-5 days in all assays. For the fertility assay, individual males were mated with two 
wild type, two-day-old virgin females, and the females allowed to lay eggs for 3 days. The 
vials were assessed for larvae at 7 days after mating. For the courtship assays, males were 
introduced to either two-day-old virgin females or two-day-old males (marked on the wings 
with a Sharpie marker) and their behavior recorded on a video for 10 minutes. The videos 
were scored for orienting, male follows female, male wing extension, genital licking, 
attempted copulation and copulation behaviors that are associated with mating activity and 
a courtship index (CI) subsequently determined. 
 
Statistical analysis: For the lab head skeleton lengths and Scr / dsx sex combs number data 
(assessed as normal and of equal variance using QQ plots and plotting residuals), ANOVA 
was performed and followed with a Tukey’s or Dunnett’s post hoc analysis. For the rescue 




followed by a Dunn’s pos hoc analysis. Rescue of lab, Dfd, and Scr was assessed using 
chi-squared tests. The t-test (one-tail) was performed on the sex combs number data 
between WT and FOXO ectopic expression flies. 
 
Results 
Overview of phenotypic non-specificity screens: 
Phenotypic non-specificity is observed with ectopic expression of both HOX and non-HOX 
TFs (Banreti et al., 2014; Greig & Akam, 1995; Hirth et al., 2001; Lelli et al., 2011; 
Percival-Smith, 2017; Percival-Smith et al., 2013; Percival-Smith et al., 2005). However, 
the only example of functional complementation with a non-HOX TF is the rescue of the 
pb maxillary palp phenotype (Percival-Smith, 2017). Functional complementation of a 
phenotype has a more straight-forward interpretation than the induction of a phenotype by 
ectopic expression. Furthermore, the rescue of pleiotropic phenotypes allows the 
assessment of differential/uniform pleiotropy.  
 
For these reasons, we screened for phenotypic non-specificity using a strategy based on 
functional complementation. In these experiments the UAS/GAL4 system was used to 
assess the phenotypic rescue of six TF loci, four Hox loci (lab, Dfd, Scr and Ubx) and two 
non-Hox loci (dsx and fru), by the expression of at least 12 non-resident TFs. Since we 
used functional complementation to study phenotypic non-specificity and pleiotropy, the 
resident TF we chose were pleiotropic and had obvious, clear phenotypes. HOX proteins 
establish embryonic segment identities along the AP axis of bilaterian bodies and Hox 




mutations of Hox genes exhibit reproducible, severe developmental defects. Therefore, the 
four Hox loci (lab, Dfd, Scr and Ubx) were chosen as the resident TF loci. Similar reasoning 
applies for dsx and fru as well. The dsx gene encodes a transcription factor required for 
both male and female sex determination of Drosophila and the male isoform of FRU is 
responsible for male fertility and courtship behavior. Their complex functions make them 
good candidates for the resident TF loci. 
 
For non-resident TFs, TFs within the HD-superfamily and outside HD-superfamily were 
selected for the study of phenotypic non-specificity. Using this reasoning, available UAS 
construct lines were ordered. 
 
For the four Hox loci (lab, Dfd, Scr and Ubx), we used drivers composed of Hox regulatory 
elements fused to GAL4. Genetic backgrounds were created that carried the driver and were 
hemizygous for null Hox alleles. For the two non-Hox loci, dsx and fru, we used driver 
stocks with insertion of GAL4 into the loci that created both a loss-of-function allele and 
expressed GAL4 from the regulatory sequences of these loci. In these genetic backgrounds 
we screened for rescue of the phenotype by resident and non-resident TFs expressed from 
P{UAS-TF} insertions. The identity of the correct constructs in the 13 UAS-TF lines was 








Figure 1. PCR verification of UAS-TF lines. The schematic (top) indicates the positions 
of the forward (F) and reverse (R) primers used to verify the UAS-TF lines. PCR amplicons 
were analyzed by gel electrophoresis (bottom). Lane 1: UAS-lab. Lane 2: UAS-Scr. Lane 
3: UAS-Dfd. Lane 4: UAS-Antp. Lane 5: UAS-br.Z1. Lane 6: UAS-br.Z2. Lane 7: UAS-
dsxM. Lane 8: UAS-foxo. Lane 9: UAS-ap. Lane 10: UAS-ey. Lane 11: UAS-disco. Lane 12: 





Phenotypic rescue by non-resident TFs:  
The results of the respective screens described in the previous section are presented 
sequentially below, beginning with labial. 
 
labial: Drosophila lab4/lab14 larvae lack the H-piece, including the bridge and the lateral 
bar (Figure 2 A1). Furthermore, the two mouth hooks are widely separated as opposed to 
being close together due to failure of head involution (Figure 2 A1). Since both the lab 
GAL4 and UAS-lab insertions were heterozygous, the expected frequency of embryonic 
rescue among the yellow cuticles was 25%. Of the 50 yellow cuticles (lab4/lab14) examined 
in experiments assaying LAB expression, 11 were rescued (Figure 2 A2). This was not 
different from the expected 12.5 (c2 (1, N = 50) = 0.18, P = 0.7). The expression of LAB 
from UAS-lab rescued embryonic head involution and head skeleton defects (H-piece 
lateral bar and the dorsal bridge but not the H-piece bridge and median tooth) (Figure 2 
A2). Out of 238 hatched embryos examined, eight yellow larvae hatched; however, these 










Figure 2. Screen for the rescue of lab (A), Dfd (B) and Scr (C) phenotypes. 
All images are brightfield images of the head skeleton. The labnull genotype is lab4 / lab14; 
the Dfdnull genotype is Dfd12/Dfd16; and the Scrnull genotype is Scr2 / Scr4. For all assays of 
rescue, 50 y larvae were examined, and the frequency of rescue indicated in the column to 
the right. For Dfd, the number of rescued mouth hooks was assessed. The rescue data was 
analyzed using an ANOVA on ranks [lab H (14) = 561 P<0.0001; Dfd H (14) = 624 
P<0.0001; Scr H (14) = 640 P<0.0001]. The P values of a Dunn’s post hoc test relative to 
the control null mutant are indicated below the frequency of the rescue. The scale bar in 
A1 indicates 100 µm and is the same in all other images. The red arrow indicates rescue of 
lab by expression of LAB. The green arrow indicates rescue of lab by expression of DSXM. 
The blue arrow indicates rescue of Dfd by expression of DFD. The purple arrow indicates 




The expression of 12 non-resident TFs were screened for rescue by carefully examining 50 
yellow cuticles. Evidence of rescue in 9 larval cuticles expressing DSXM were found. This 
frequency of rescue was not different from the expected 12.5 (c2 (1, N = 50) = 0.98, P = 
0.3). One hatched larva expressing DSXM was found but did not survive to the third instar 
larval stage (1/172). No examples of pupal/adult rescue were observed. 
 
The rescues with LAB and DSXM were differentially pleiotropic. LAB rescued the head 
involution phenotype such that the mouth hooks were in close proximity and rescued 
development of the H-piece lateral bar and dorsal bridge, and DSXM only rescued the 
mouth hooks phenotype (Figure 2 A11). With morphometric analysis measuring the mouth 
hooks distance (distance between two tips of mouth hooks) and the head length (distance 
between the anterior end of the head and the posterior end of ventral arms) (Figure 3 A - 
D), we found a clear difference between rescued and mutant larvae (Figure 3 E and F). 
Using the rescue of head involution as an indication of genotype (UASlab or UASdsxM), 
the length of the head skeleton was rescued relative to the lab null mutant with LAB and 






Figure 3. Characterization of the rescue of the lab phenotype.  
Panels A-D are phase contrast images of the larval head skeleton. Panel A is wild type (yw); 
Panel B is yw; UAS-lab/labGAL4; lab14/lab4; Panel C is y w; UAS-dsxM/labGAL4; 
lab14/lab4; and Panel D is y w; lab14/lab4. The vertical line is the measurement between 
mouth hooks and the horizontal line is the measurement of the length of the head skeleton. 
The arrows indicate mh: mouth hooks; mt: medium teeth; hb: H-piece bridge. Panel E is a 
plot of the distance between mouth hooks versus the length of the head skeleton for all 




ANOVA was performed (F3, 68 = 98, P < 0.0001) followed by a Tukey’s pair-wise 






Deformed: Dfd deficient (Dfd 12/Dfd 16) larvae lack the mouth hooks (Figure 2 B1) and 
cirri. Because the third chromosome carried both the Dfd GAL4 insertion and the Dfd null 
allele and the UAS-Dfd insertion was heterozygous, the expected maximum frequency of 
rescue is 50%. Of the 50 yellow cuticles (Dfd 12/Dfd 16) examined in experiments assaying 
DFD expression, 13 had one or two rescued mouth hooks and 3 had rescued cirri (Figure 
2 B3). This was less than the 25 expected (c2 (1, N = 50) = 5.76, P = 0.02). Out of 248 
hatched embryos examined, one yellow larva hatched but the larva did not survive to the 
pupal stage. Allowing the progeny to develop to adulthood, no pupal or adult rescue was 
observed. The expression of 12 non-resident TFs were screened for rescue by carefully 
examining 50 yellow cuticles for each TF expressed. Although one cuticle expressing AP 
exhibited rescue of a mouth hook, the frequency of rescue was not significant (Figure 2 
B6). 
 
Sex combs reduced: During embryogenesis and metamorphosis SCR is required for head 
and thorax development (Sivanantharajah & Percival-Smith, 2009). Scr2/Scr 4 embryos 
develop into larvae missing the medium tooth structure, and the anterior portion of the H-
piece structure is curved (toward ventral side) (Figure 2 C1). Because both the ScrGAL4 
and UAS-Scr insertions were heterozygous, the expected maximum frequency of 
embryonic rescue was 25%. Of the 50 yellow cuticles (Scr2/Scr 4) examined in experiments 
assaying SCR expression, 10 were rescued (Figure 2 C4), which was not different from 
the expected 12.5 (c2 (1, N = 50) = 0.5, P = 0.5). Out of 162 eggs/embryos examined, no 
yellow larva hatched, and no non-Tb pupae were observed when the progeny were allowed 




antennal sense organ were rescued with the expression of SCR (Figure 4 A – C). Counting 
the number of setae in the T1 beard showed strong rescue of the T1 beard in larvae with 
rescue of the head skeleton relative to the Scr2/Scr 4 mutant (P < 0.0001); however, the 
number of setae in the T1 beard was less than that observed in wild type controls (P < 
0.0001). In addition, expression of SCR was found to increase the number of male sex 
combs by about 2 bristles in a Scr4/ Scr+ heterozygote (Figure 4 E; P < 0.0001). The 
number of sex combs is linearly associated with the dose/activity of SCR (Sivanantharajah 
& Percival-Smith, 2009); therefore, the increase of 2 bristles suggests that the expression 
of SCR from UAS-Scr by ScrGAL4 is 20% of wild type levels. The T1 beard and sex comb 
data suggest that the level of SCR expression using the ScrGAL4 driver and UAS-Scr was 
significantly less than wild type levels. 
 
The expression of 12 non-resident TFs were screened for rescue by carefully examining 50 
yellow cuticles for each TF. No rescue of the head skeleton defects was observed. The 
number of T1 beard setae were counted on at least 12 yellow larvae for each TF and no 
rescue of beard formation was observed (not a single larva had more than 80 setae) (Figure 
4 D). The number of sex combs were counted on P{UAS-TF}/P{ScrGAL4};Scr4/TM6B 
adult males. The expression of FOXO increased the number of sex combs by about 2 
bristles (P < 0.0001). The rescues with SCR and FOXO were differentially pleiotropic. The 
expression of SCR rescued larval head skeleton, T1 beard formation and increased the 






To test whether expression of FOXO induces ectopic sex combs like SCR, the rnGAL4 
driver was used to drive UAS-Scr and UAS-foxo expression in all three pairs of legs of y 
flies (Figure 5) (Sivanantharajah & Percival-Smith, 2014). Ectopic expression of SCR 
increases the number of sex combs on the first leg (Figure 5 A), induces ectopic transverse 
rows and sex combs on the second leg (Figure 5 C) and induces ectopic sex combs on third 
legs (Figure 5 E). Ectopic expression of FOXO increases the number of sex combs by 3 
bristles on the first leg from 10 (WT) to 13.1 (t(13) = -7.03, P < 0.00001) (Figure 5 B) but 





Figure 4. Characterization of the rescue of the Scr phenotypes.  
Panels A – C are dark field micrographs of larval T1 segments. The red arrows point to T1 
beards of a Scr2/Scr4 larva (A), a ScrGAL4/UAS-Scr;Scr2/Scr4 larva (B) and a wild type 
larva (C). Panel D is a scatter plot of the number of T1 setae in various genotypes. SCRr 




and the number of setae on larval cuticles that exhibit no rescue, respectively. Analysis of 
the data with an ordinary ANOVA (F15, 212=148; P<0.0001) detected differences, and data 
that are not different (P>0.05) have the same letter using Tukey’s post hoc pair-wise 
comparisons. Panel E is a bar graph of the number of sex combs on ScrGAL4; Scr 4/ + 
adults expressing no protein or the indicated protein. An ordinary ANOVA detected 
differences (F13, 294=17, P<0.0001) and the pair-wise comparisons using Tukey’s post hoc 
analysis that were not different are indicated with the same letter (P>0.05). The mean and 






Figure 5. Ectopic expression of SCR and FOXO in all three pairs of legs of y male 
flies. 
Using rnGAL4 driver to express SCR and FOXO ectopically in all three pairs of legs of y 
flies. “1” are first legs; “2” are second legs and “3” are third legs. Panels A, C and E are 
images of flies’ legs with SCR ectopic expression. Panels B, D and F are images of flie’s 




Ultrabithorax: Taking genomic DNA fragments from the Ubx locus and screening them 
for enhancer activity when fused to GAL4 identified a fragment that reproduced the Ubx 
embryonic expression pattern. This driver is expressed throughout the haltere imaginal disc 
and is expressed ectopically in the notum and wing pouch of the wing imaginal disc (Jenett 
et al., 2012). The third chromosome carrying the UbxGAL4 insertion also carried a y+ allele; 
therefore, rescue of the Ubx larval cuticular phenotype could not be assessed. The genotype 
Ubxabx1, bx3, 61d, pbx1 /Ubx9.22 P{UbxGAL4, w+} was used to assess rescue of the adult viable 
Ubxabx1, bx3, 61d, pbx1 hypomorphic allele. This allelic combination gives the classic four-
winged fly (Rivlin et al., 2001), where the third thoracic segment (T3) and haltere are 
transformed into the likeness of the second thoracic segment (T2) (Figure 6 A and B). 
Expression of UBX in this mutant background resulted in partial rescue of the haltere to 
wing transformation in T3; the scabellum and pedicellus are wild type in appearance (of 
particular note are the transverse rows of campaniform sensilla specific to the haltere) 
(Figure 6 C, D and E). Although the wing in T3 is drastically reduced, the capitellum is 
not rescued (the capitellum has characteristic short trichomes) (Figure 6 D and E). In 
addition, expression of UBX in T3 suppresses the T2-like notum such that it has a wild 
type appearance. The ectopic expression of UBX in the wing imaginal disc resulted in a 
reduction of the wing and partial transformation to a haltere and partial suppression of the 
T2 notum (Figure 6 C). The partial transformation of the wing to a haltere includes 
transformation of wing campaniform sensilla on the dorsal proximal radius to haltere-like 
sensilla (Figure 6 F and G). In addition, 2/15 flies lacked the third legs; 7/15 lacked one 




on the abdominal segments) (Lewis, 1985; Vachon et al., 1992). This phenotype is the 
opposite of hypomorphic Ubx mutant combinations where an ectopic abdominal leg form. 
 
Screening expression of 13 non-resident TFs identified one very clear example of 
phenotypic non-specificity: ANTP. Expression of DFD was either embryonic or larval 
lethal, and the expression of BR.Z1, BR.Z2 and FOXO in Ubxabx1, bx3, 61d, pbx1 /Ubx9.22 
P{UbxGAL4, w+} flies caused failure to develop into pharate or eclosed adults during 
metamorphosis. The eclosed adults that expressed DISCO and BAB1 had four wings 
(Figure 6 H and I). Flies expressing AP, and SQZ did not eclose but the pharate adults 
had the four-winged phenotype (Figure 6 J and L). Flies expressing DSXM did not eclose 
but the pharate adults still had the four-winged phenotype and an extensive deletion of the 
notum in T2 and T3 (Figure 6 K). Flies expressing ANTP and EY did not eclose and the 
four wings were reduced (Figure 6 M and N). The reduced wings on T2 and T3 of ANTP 
expressing flies had campaniform sensilla characteristic of a haltere indicating a 
transformation toward a haltere (Figure 6 Q). T3 expressing ANTP was not rescued to 
wild type and some of the notum of T2 was absent. Flies expressing LAB eclosed with the 
four wings transformed into tissue with micro and macrochaetes (Figure 6 O and S). Flies 
expressing SCR did not eclose and only had two wings plus a reduction of the T2 notum 
(Figure 6 P and T). The two-winged phenotype is not due to the rescue of T3 to wild type 
with a haltere but is a deletion of the derivatives of the haltere imaginal disc (Figure 6 T).  
 
The rescue with UBX, EY and ANTP were differentially pleiotropic. UBX, EY and ANTP 




that are haltere-like, but EY only reduced the wings. In addition, UBX rescues the T3 






Figure 6. Screen for rescue of adult Ubx phenotypes. 
Panels A and B are lateral and dorsal images of Ubxabx1, bx3, 61d, pbx1/Ubx9.22 flies. The second 
pair of wings indicate the T3 to T2 transformations (red arrows). Panels C, E, G are the 
expression of UBX in Ubxabx1, bx3, 61d, pbx1/ Ubx9.22 flies. In Panel C the reduced wings 
indicate the suppression of T2 notum development. In Panel E the restored scabellum and 
pedicellum (red arrow) indicate rescue of the haltere, and the insert is a close-up of the 
haltere specific transverse rows of campaniform sensilla. In Panel G the haltere-like 
sensilla (red arrow) indicate a wing to haltere transformation due to ectopic UBX 
expression. Panels D, F are a wild type haltere and wing for comparison with panels E and 
G. Panels H and I are eclosed adults expressing DISCO and BAB1, respectively. Panels J-




adults expressing ANTP, EY, LAB and SCR, respectively. Panels Q-T are close ups of T2 
and T3 of ANTP, EY, LAB and SCR, respectively. In Panel M the wings are reduced and 
some of the notum of T2 was absent (red arrow). In Panel N the wings are reduced (red 
arrow). In Panel R the wing is reduced. In Panel O and S the four wings are transformed 
into tissue with micro and macrochaetes (red arrows). In Panel Q the campaniform sensilla 
characteristic of a haltere indicates a transformation toward a haltere (red arrows). The 
insert in panel Q is a close-up of the haltere-like campaniform sensilla. The bars in panel 
A, B, C, H, I, J, K, L, M, N, O and P indicate 500 µm; the bars in panel Q, R, S and T 
indicate 100 µm; the bars in Panel D and E indicate 100 µm; the bars in Panel F and G 




Doublesex: The dsx locus encodes two TFs with distinct activities: DSXM suppresses the 
formation of female genitals and DSXF suppresses the formation of male genitals (Cho & 
Wensink, 1997; Rideout et al., 2010; Robinett et al., 2010; Waterbury et al., 1999). The 
external somatic secondary sexual characteristics examined were male sex combs, 
abdominal pigmentation, and genitalia. The male sex combs are a vertical row of about 10 
to 12 darkly pigmented thick bristles with rounded tips; in females two horizontal rows of 
approximately 5 lightly-pigmented, spike-like bristles are the equivalent bristles (Tanaka 
et al., 2009). In a dsxnull mutant, the 5 lightly-pigmented, spike-like female bristles are 
organized into a single row that is partially rotated towards the vertical. The important male 
specific phenotypes of sex combs are an increase in bristle number, a vertical orientation, 
a change in morphology (rounded tips instead of spike-like) and dark pigmentation (Figure 
7 A1). The A5 and A6 segments of the male abdomen and the dsxnull mutant are fully 
pigmented (Figure 7 A2); whereas, only the posterior portion of tergite 5 and most of 
tergite 6 are pigmented in females (Figure 7 B2). The male genitalia has a genital ridge 
wrapped round the anus and characteristic claspers (Figure 7 A3); whereas, the female 
genitalia is a vaginal plate decorated with a single row of distinctive bristles, the vaginal 
teeth, located on each side of the vagina and under the anus (Figure 7 B3) (True et al., 
1997). In a dsxnull mutants, the genitals are rotated 90 degrees relative to the dorsal ventral 






Figure 7. Screen for rescue of dsx phenotypes of 12 TFs. 
Each panel is composed of three images: first legs (1), abdomen (2) and genitals (3). Panels 
A and B are wild type male and female flies, respectively. Panel D is a dsx1/dsxGAL4 
mutant flanked by panels C and E which are dsx1/dsxGAL4flies expressing either DSXM or 
DSXF protein, respectively. Panels F-Q are dsx1/dsxGAL4flies expressing one of 12 TFs 
indicated above the panel. Red arrows indicate female pigmentation of abdomen. Blue 
arrows indicate male genitals and pink arrows indicate female genitals. Red arrowheads 




We used the targeted insertion of GAL4 in the dsx locus, which is also a dsxnull allele, to 
express TFs in a dsxGAL4/dsx1 mutant background (Robinett et al., 2010). Expression of 
DSXM from a UAS promoter rescues the vertical orientation, morphology, and 
pigmentation of sex combs; however, only 4.2 shortened sex combs form indicating partial 
rescue (Figure 7 C1). Tergite 5 and 6 of the abdomen are pigmented (Figure 7 C2), and 
development of the female plate is suppressed but the male genitalia is rotated (Figure 7 
C3). Expression of DSXF from a UAS promoter rescues the morphology of the female 
genitalia. Female vaginal plates formed with each plate having a single row of vaginal teeth 
(Figure 7 E3). Tergite 5 has female-like pigmentation (Figure 7 E2), the pigmentation is 
restricted to the very posterior edge of the segment, and most of tergite 6 is depigmented 
unlike in wild type females (Figure 7 E2). 
 
We screened the expression of 12 TFs for masculinization or feminization of the dsx null 
phenotype. The observed rescues exhibited differential pleiotropy. Masculinization. 
Expression of ANTP and AP increased the number of sex comb bristles from 5.4 to 6.3 
(P<0.0001) (Figure 8 C). Expression of AP suppressed vagina formation. Feminization. 
The major phenotypes associated with feminization are suppression of the vertical 
orientation, number, pigmentation and morphology of sex comb bristles, the pigmentation 
of the abdomen and the suppression of male genitalia. Expression of ANTP, BAB1, DFD 
and LAB depigmented the sex combs (Figure 7 F1, L1, J1 and K1). LAB repressed the 
vertical orientation of the sex combs (Figure 7 K1); the sex combs have a horizontal rather 
than vertical orientation and are shorter. Expression of ANTP, BAB1 and EY suppressed 




suppressed abdominal pigmentation overall. Expression of BAB1 partially suppresses male 
genitalia and expands the vaginal plate (Figure 7 L3). DFD, LAB and SCR suppress male 
genitalia and DFD transforms the vaginal plate; whereas the vagina was not observed with 
expression of LAB and SCR. Expression of FOXO suppresses male genitalia (Figure 7 
H3). Expression of SQZ increases the number of rows of vaginal teeth (Figure 7 Q3). 
Non-specific. The genitalia are lost or unrecognizable with expression of ANTP, BR.Z1, 
BR.Z2, DISCO and EY. 
 
The dsx dominant mutation alleles, dsxdom, constitutively express DSXM (Baker & Ridge, 
1980; Nagoshi & Baker, 1990). Expression of DSXM in females by these dominant gain-
of-function alleles results in an intersex phenotype similar to the dsx null phenotype; fewer 
sex combs with a changed morphology and orientation, development of both male and 
female genitals. The intersex phenotype in females is hypothesized to be due to DSXM 
inhibiting the function of DSXF (Rideout et al., 2010; Waterbury et al., 1999; Yang et al., 
2008). Likewise when DSXF is ectopically expressed in males the intersex phenotype is 
also expected (Waterbury et al., 1999). When dsxGAL4 was used to express DSXM in 
females, 2-4 sex combs formed on the first leg that were shorter than normal but were 
rotated, pigmented and had rounded tips; the abdomen was pigmented in tergites 5 and 6, 
and the female genitals were absent and rotated male genitals form (Figure 8 B and Figure 
9 b1-b3). Unexpectedly, when dsxGAL4 was used to express DSXM in males, only 2-3 sex 
combs formed on the first leg that were shorter than normal but were rotated, pigmented, 
and had rounded tips. The abdomen was pigmented in tergites 5 and 6, and the male genitals 




9 B1-B3). When dsxGAL4 was used to express DSXF in males, the bristles on the first leg 
were female like, male genital formation was suppressed, and the vaginal plate was present 
but lacked vaginal teeth (Figure 8 A and Figure 9 A1-A3). Expression of DSXF in females 
reduced abdominal pigmentation (Figure 9 a1-a3). In summary, expression of DSXM with 
dsxGAL4 in females resulted in a male-like phenotype and not an intersex phenotype. 
Expression of DSXF with dsxGAL4 in males resulted in a female-like phenotype and not 
an intersex phenotype. 
 
Screening the 12 TFs for affects in males and females detected an array of interactions. 
Expression of ANTP, AP, BAB1, BRZ1, DISCO, EY, LAB, and SQZ in males suppressed 
the number of sex combs that form as was observed with both DSXM and DSXF (Figure 9 
C1, D1, E1, F1, I1, J1, L1, N1 and Figure 8 A). Expression of ANTP, BAB1, BRZ1, 
DFD, DISCO, LAB, SCR, SQZ in males depigmented the sex combs as was observed with 
the expression of DSXF (Figure 9 C1, E1, F1, H1, I1, L1, M1 and N1). Expression of 
ANTP and LAB in males, the sex combs are not rotated toward the vertical as was observed 
with the expression of DSXF (Figure 9 C1, L1). Expression of ANTP, BRZ1 and LAB 
shorten the sex combs as was observed with expression of DSXM in males (Figure 9 C1, 
F1 and L1). Expression of BRZ1 feminized the morphology of the sex combs from 
rounded tips to spikey tips (Figure 9 F1). Expression of AP, BAB1, SCR and SQZ in males 
rotates the male genitals (Figure 9 D3, E3, M3 and N3). Expression of ANTP, BRZ1, 
DISCO and EY in males deleted the male genitals (Figure 9 C3, F3, I3 and J3). 
Expression of DFD, FOXO, LAB and SCR in males reduced the male genitals (Figure 9 




overall and tergites A5 and A6 had a female pattern of pigmentation (Figure 9 C2). 
Expression of ANTP, BAB1 and EY in females depigmented the anterior of tergite 5 and 
most of tergite 6 (Figure 9 c2, e2 and j2). Expression of ANTP, AP, BRZ1, DISCO and 
EY in females resulted in the female genitals not forming (Figure 9 c3, d3, f3, i3 and j3). 
Expression of DFD, LAB and SCR in females did not suppress vagina formation but the 
morphology is not wild type (Figure 9 h3, l3 and m3). Expression of SQZ in females 
increased the number of rows of vaginal teeth (Figure 9 n3). 
 
The rescue of dsx and effects on male and female development by expression of the 12 TFs 
exhibits extensive differential pleiotropy because not all somatic sexual phenotypes are 
affected to the same extent by expression of a non-resident TF. As an example, expression 
of SCR in males depigments sex combs but does not reduce the number, rotation or change 
the morphology and suppresses male genital formation. Table 2 is a summary of 





Table 2. Summary of phenotypes of TF (UAS-X) expression in males and females 
driven by dsxGAL4. 










Figure 8. Summary of the bristle counts on the first legs.  
Panel A is a bar graph of the number of sex combs on dsxGAL4/+ adults expressing no 
protein or the indicated protein. The control column in the graph is the wild type male. 
Analysis of the data with an ordinary ANOVA (F14, 174=143.5; P<0.0001) detected 
differences, and data that are different from the control (P<0.05) are indicated with an 




transverse bristles of first leg on dsxGAL4/+ adults expressing no protein or the indicated 
protein. The control column in the graph is a wild type female. Analysis of the data with 
an ordinary ANOVA (F14, 199 = 59.32; P<0.0001) detected differences, and data that are 
different from the control (P<0.05) are indicated with an asterisk (Dunnett’s multiple 
comparisons). Panel C is a bar graph of the number of sex neutral bristles on dsxGAL4/dsx1 
adults expressing no protein or the indicated protein. The control column in the graph is a 
sex neutral fly, dsxGAL4/dsx1. Analysis of the data with an ordinary ANOVA (F14, 
191=127.3; P<0.0001) detected differences, and data that are different from control (P<0.05) 
are indicated with an asterisk (Dunnett’s multiple comparisons). DSXM masculinized the 
bristles and DSXF feminized the bristles, the bristles are not sex neutral. The data for DSXM 













Figure 9. Screen for the suppression of DSXM and DSXF in males and females of 12 
TFs. 
The panels with a label starting with a capital letter are male fly images. The panels with a 
label starting with a lowercase letter are female fly images. Each panel is composed of 
three images: first legs (1), abdomen (2) and genitals (3). Panels A and a are UAS-dsxF, 
dsxGAL4/TM6B male and female flies, respectively. Panels B and b are UAS-dsxM, 
dsxGAL4/TM6B male and female flies, respectively. Panels C-N are dsxGAL4/TM6B flies 
expressing one of 12 TFs indicated above the panel. Red arrows indicate the depigmented 
abdomen. Blue arrows indicate rotated male genitals and pink arrows indicate female 
genitals. Yellow arrow indicates underdeveloped male genitals. Black arrows indicate 
deleted genitals, green arrows indicate reduced and rotated male genitals and purple arrows 





fruitless: The fru locus is structurally complex expressing multiple protein isoforms. Of 
these isoforms, those expressed from transcripts initiated at the P1 promoter are male 
specific and required for male fertility and courtship. Phenotypic non-specificity was 
assessed with two insertions of GAL4 in the fru locus (Figure 10 A). The fruGAL4A allele 
is a targeted insertion that fuses GAL4 to the N-terminus of the male specific isoforms, and 
results in a decrease in male fertility and courtship (Figure 10 B, P < 0.0001). The 
fruGAL4B allele is an insertion of a GAL4 enhancer detector that strongly reduces male 
fertility and courtship (Figure 10 C, P < 0.0001). In the screen with fruGAL4A, expression 
of DISCO rescues male fertility, and DISCO is the only protein that has fertility using 
fruGAL4B. The fruGAL4A allele reduced the fertility to 50%, and expression of DISCO 
increased the fertility to 90% (P < 0.0001) (Figure 10 B). The fertility rescued by 
expression of DISCO was not different from wild type or the fru4-40 heterozygote (Figure 
10 C). The fruGAL4B allele reduced fertility to zero and expression of DISCO was the 
only protein that increased the fertility, although not significantly, to 14% (P = 0.8) (Figure 
10 C). Repeating this expression of DISCO showed a significant increase in the fertility 
when fruGAL4B/fru4-40 is set as the control (P < 0.0001) (Figure 10 F). The increased 
fertility observed with expression of DISCO was less than the fertility of wild type and the 
fru4-40 heterozygote (P < 0.0001) (Figure 10 C).  
 
To characterize the rescue of the fru phenotype by DISCO, male-female (M/F) and male-
male (M/M) courtship indices (CI) were determined (Figure 10 D, E). The M/F CI was 
lower in fruGAL4A/fru4-40 and y; fruGAL4B/fru4-40 males than with wild type and fru4-40/+ 




different from wild type (P = 0.7) and fru4-40/+ heterozygous males (P > 0.9999), but 
significantly higher than fruGAL4A/fru4-40 males (P = 0.0007) indicating that DISCO 
rescues the fruGAL4A/fru4-40 courtship phenotype. Fruitless mutants are reported to have a 
higher M/M CI (Demir & Dickson, 2005). Although we observed that expression of 
DISCO reduces the M/M courtship of y; fruGAL4B/fru4-40 (P = 0.0159) the reduction is not 
observed with fruGal4A/fru4-40 (P = 0.4822). In addition, the M/M CI for y; fru4-40/+ was 
the same as y; fruGAL4B/fru4-40 (P > 0.9999) which is not expected. Therefore, it is difficult 
to determine the effect of expression of DISCO on the M/M CI. 
 
There are three FRUM protein isoforms, isoform A (FRUMA),  isoform B (FRUMB) and 
isoform C (FRUMC). To test whether FRUMC rescued fertility and whether DISCO could 
be a TF required for fertility and activated by FRUM, the fertility of eleven genotypes were 
assessed (Figure 10 F). The expression of UAS-fruM (expressing FRUMC) failed to rescue 
the fertility of hemizygous fruGAL4/fru4-40 males (Figure 10 F). Knocking down DISCO 
expression using disco RNAi did not decrease fertility indicating that DISCO is not 










Figure 10. Summary of the screen for rescue of the fru fertility and courtship 
phenotypes. 
Panel A: The fru locus with the insertion site of fruGAL4A (fruG4A) and fruGAL4B 
(fruG4B) and deletion of fru4-40 indicated. P1 is one of the alternative promoters of fru gene, 
S is the sex-specifically spliced exon found only in P1 transcript. C1-C5 are common exons 
and A-C are alternative 3’ exons. Panel B is a bar graph of the fertility of fruGAL4A/fru4-
40 adult males expressing no protein or the indicated protein. An ANOVA on ranks detected 
differences (H (15) = 272.8, P < 0.0001) and the pair-wise comparisons using Dunn’s 
multiple comparisons analysis that were not different are indicated with the same letter (P > 
0.05). Panel C is a bar graph of fertility of fruGAL4B/fru4-40 adult males expressing no 
protein or the indicated protein. An ANOVA on ranks detected differences (H (12) = 620.2, 
P < 0.0001) and the pair-wise comparisons using Dunn’s multiple comparisons analysis 
that were not different are indicated with the same letter (P > 0.05). Panel D and E are 
scatter plots with means and SEM indicated of male female (M/F) CI and male (M/M) CI 
for various genotypes (indicated on the x-axis), respectively. An ANOVA on ranks (For 
M/M CI: H (6) = 85.53, P < 0.0001; for M/F CI: H (6) = 123.1, P < 0.0001) detected 
differences, and data that are not different (P > 0.05) have the same letter after Dunn’s 
multiple comparisons. Panel F is a bar graph with SEMs of male fertility in various 
genotypes indicated on the x-axis. An ANOVA on ranks detected differences (H (10) = 
315.6, P < 0.0001) and the pair-wise comparisons using Dunn’s multiple comparisons 






The frequency of phenotypic non-specificity 
The hypothesis that proposes a limited specificity of TF function predicts that phenotypic 
non-specificity should be observed frequently (Percival-Smith, 2018). In this project, I 
have assessed functional complementation of loss-of-function alleles in six TF loci with at 
least 12 non-resident TFs and found many examples of phenotypic non-specificity. Five of 
six TF loci were rescued by non-resident TFs: lab was rescued by expression of DSXM; 
Scr was rescued by expression of FOXO; Ubx was rescued by expression of ANTP and 
EY; dsx was rescued to some extent by the expression of a majority of non-resident TFs; 
and fru was rescued by expression of DISCO. In these screens of TF loci, 74 non-resident 
situations were assessed, and 18 examples of rescue were observed. Thus, ¼ of TFs on 
average rescued TF phenotypes; therefore, to have a 95% confidence of detecting 
phenotypic non-specificity only about 12 TFs need to be screened. The frequency is 
affected by the number observed with rescue of dsx, which could be considered as encoding 
two independent TFs. If you take dsx out and add in data with pb then the frequency is 
about 1/12 of TFs on average rescued TF phenotypes; therefore, to have a 95% confidence 
of detecting phenotypic non-specificity about 36-40 TFs need to be screened (Percival-
Smith, 2017). A more accurate number will require a larger analysis, but irrespective of the 
large range that can be proposed, the lower frequency of 1/12 is above any initial 







Differential pleiotropy of rescue 
All the TF loci examined are highly pleiotropic (i.e., the TF encoded by the locus is 
required in multiple tissues and at multiple times during development). For example, SCR 
is required during embryogenesis for larval head skeleton development, number of T1 setae 
and salivary gland formation, as well as during metamorphosis for development of the 
labial palps and decoration of the first legs. The rescue observed exhibited differential 
pleiotropy where non-resident TFs did not rescue all the phenotypes of the TF locus. For 
example, FOXO ectopic expression is able to increase the number of sex combs but cannot 
rescue the embryonic head defect of Scr phenotype. 
 
The rescue is not dependent on DNA sequence recognition  
The DNA recognition sequences of the resident and non-resident TFs from the rescues are 
analyzed and listed in Figure 11. The DNA sequences recognized by the resident TFs are 
very different from the sequences recognized by the non-resident TFs. LAB, SCR, ANTP, 
PB and UBX are HOX proteins and belong to the HD-family (Carroll et al., 2004). DSX 
and FRU are zinc-finger proteins (Dalton et al., 2013; Erdman & Burtis, 1993). FOXO is 
a forkhead box protein (Tia et al., 2018). The rescue is not dependent on DNA sequence 
recognition. For example, FRU protein has three male isoforms, FRUMA, FRUMB and 
FRUMC and each of the isoform has a unique DNA recognition sequence (Dalton et al., 
2013) (Figure 11). The male fertility of Drosophila requires all 3 FRUM isoforms but can 
be rescued by one TF DISCO which recognizes a distinct DNA binding site from the 3 





Figure 11. DNA recognition sequences of resident and non-resident TFs. 
“logos” stand for the logo of the DNA recognition sequences. The recognition sequence 
data for PB, LAB, UBX, SCR and ANTP was obtained from JASPAR 2020 database 
(Fornes et al., 2020). The recognition sequence data for FOXO, DSXM and DISCO was 






Possible explanations of the results 
There are two possible explanations of the rescue events: 1) the non-resident TF substitutes 
for the resident TF, or 2) the non-resident TF functions downstream of the resident TF. If 
the non-resident TF is downstream member of the resident TF function, then mutations of 
non-resident TFs will have similar phenotypes as the resident TF. In the case of DSXM 
rescuing lab, dsx mutants do not affect larval mouthparts (data not shown) and therefore 
DSXM does not function downstream of LAB. In the case of DISCO rescuing fru, knocking 
down DISCO expression using disco RNAi did not decrease fertility indicating that DISCO 
is not downstream of FRU in the male behaviour pathway. But as a counterpoint, BAB1 is 
required for suppression of abdominal pigmentation and does function downstream of 
DSXF (Williams et al., 2008). However, EY has no role in abdominal pigmentation. I have 
not assessed whether FOXO is required for sex comb formation and therefore potentially 
downstream of SCR.  
 
Unexpected transformations with expression of DSXM and DSXF 
Although the phenotypes of the TF loci are well studied, I found unexpected results with 
dsx. The DSX proteins are transcription factors that determine all aspects of male and 
female somatic sex determination (Robinett et al., 2010). DSXF activates female-specific 
genes promoting development of female somatic sexual characteristics and prevents the 
development of male somatic sexual characteristics (Ryner & Baker, 1991). Conversely, 
DSXM promotes development by activating male-specific genes and preventing female 
development (Ryner & Baker, 1991; Salz et al., 1989). Most studies of the in vivo function 




dsxdom alleles constitutively express dsxM which results in intersex females due to inhibition 
of DSXF function (Nagoshi & Baker, 1990). The phenotype of the dsxdom alleles suggests 
that the DSXM and DSXF TFs inhibit one another (Nagoshi & Baker, 1990). In my results 
DSXM expression transforms female flies towards males and DSXM expression in males 
using dsxGAL4 results in an unexpected reduction of sex combs and malformation of the 
male genitals. However, male dsxdom heterozygotes (dsxdom/+) have a phenotype associated 
with wild type males (Nagoshi & Baker, 1990). Also, expression of DSXF with dsxGAL4 
in females results in an abdominal pigmentation pattern that is more restricted than 
observed in wild type females. This may suggest that dsxGAL4 has an expression pattern 
that is slightly different from the wild type dsx locus resulting in the unexpected phenotypes 
as a result of ectopic expression of GAL4. 
 
The differential pleiotropy of phenotypic non-specificity 
The hypothesis of limited specificity of TF function emphasizes that although the 
properties of DNA sequence recognition and cooperative interaction are specific, the 
specificity has a relatively limited range and is not high enough to target only a small set 
of genes affecting certain phenotypes. There are three major expectations of the hypothesis 
of limited specificity of TF function. First, as shown in this chapter, that the observation of 
phenotypic non-specificity is frequent. Second, when the resident TF is substituted for 
another TF, the cis-regulatory sequences normally required for expression of a gene 
(leading to a given phenotype) will no longer be required and will be substituted by other 
cis-elements present in the promoter. This phenomenon is referred to as cis-element bypass 




domains will lack modularity outside the DNA-binding domains and the important 
elements are short sequences that make a small and tissue specific contribution to overall 
TF activity. The genetic consequence of this organization of TF functional domains results 
in differential pleiotropy of mutations in the TF locus. 
 
In this chapter, and with rescue of the pb phenotype by DSXM (Percival-Smith, 2017), 
extensive differential pleiotropy is observed in the rescue by non-resident TFs. The 
differential pleiotropy observed with alleles within the TF locus and with rescue by a non-
resident TF allows a speculative explanation of TF function. Most eukaryotic TFs have 
intrinsically disordered protein regions. These intrinsically disordered protein regions may 
mediate condensation of TFs into protein liquid droplets to form transcription hubs (Malik 
& Roeder, 2010). Tissues express distinct sets of TFs and what set of TFs are expressed 
may determine how the TFs partition between protein droplets, such that in a mutational 
analysis of function, alleles differentially affect partitioning of TFs in different tissues. In 
phenotypic non-specificity, the non-resident TF is able to enter a particular protein droplet 
in one tissue and rescue the phenotype in that tissue but is unable to do so in another tissue. 
This is distinct from the proposal that differential pleiotropy is the consequence of the 
ensemble nature of TF allostery (Sivanantharajah & Percival-Smith, 2015). 
 
Differential pleiotropy provides a mechanism that facilitates evolution by alleviating the 
severity of mutations of crucial genes (Hittinger et al., 2005; Merabet et al., 2011). For 
example, many TF genes, such as Hox genes, serve different functions during the 




should be under strong purifying selection. However, the diversity of the morphological 
variations in nature raised an interesting question; how do these genes evolve? Differential 
pleiotropy along with gene functional redundancy and modular cis-regulatory elements are 
potential ways to protect a mutant allele from intense purifying selection (Carroll, 2005; 
Hittinger et al., 2005; Mann & Carroll, 2002). The mutation of the coding region of the TF 
may only disrupt a small set of the TF:TF interactions impacting only a small subset of 
function of the pleiotropic TF. Therefore, the mutation would “survive” from purifying 
selection and the accumulation of these mutations would facilitates the evolution of the TF 
genes. 
 
Phenotypic non-specificity and evolution and development 
The “genetic tool kit” hypothesis is based on the observations of conservation of structure 
(amino acid sequence), expression, requirement and function of genes required for 
development (Carroll, 2005, 2008). The experiments designed to test conservation of TF 
function are based on an implicit presumption that TF function is specific for the regulation 
of the specific sets of genes required for the phenotype such that expression of an ortholog 
from another species would only regulate the same set of genes if the function of the two 
molecules is conserved (Halder et al., 1995; Hunter & Kenyon, 1995; Lutz et al., 1996; 
Malicki et al., 1990; Percival-Smith & Laing Bondy, 1999; Zhao et al., 1993). Functional 
non-specificity of TF function undermines this interpretation because there is the 
possibility that testing > 40 unrelated TFs would uncover examples of rescue showing that 
a protein of distinct structure and that recognizes a distinct DNA binding site can function 




species, the rescue cannot be used to discriminate between conservation of function and 
phenotypic non-specificity. One of the clearest examples of conservation of function in the 
literature is the rescue of the lab phenotype by the expression of the chicken HOXb1 
protein from lab regulatory sequences (Lutz et al., 1996). However, I have found that an 
unrelated TF DSXM is also able to rescue the labial cuticle phenotypes; indeed in addition, 
all Drosophila HOX proteins, with the exception of ABD-B, rescue a LAB dependent 
neurogenic phenotype (Hirth et al., 2001). The observation of phenotypic non-specificity 
for rescue of labial phenotypes changes the interpretation of observations of 
rescue/induction of phenotypes by orthologous TFs to supporting rather than proving 
conservation of function. 
 
Experiment limitations 
I used the GAL4-UAS system for functional complementation assays to assess phenotypic 
non-specificity of TF function. I identified multiple phenotypic non-specificity events. 
However, there are several limitations that need to be addressed. First, the expression of 
LAB in for rescue of the lab phenotype, expression of DFD for the rescue of the Dfd 
phenotype and expression of SCR for the rescue of the Scr phenotype did not rescue all the 
way to a wild type phenotype. Even though the expression of LAB from UAS-lab rescued 
embryonic head involution and head skeleton defects of lab null mutants, the length of the 
rescued head structure was smaller than wild type. In experiments assessing DFD 
expression in Dfd null embryos, the frequency of the individuals which demonstrated a 
rescued phenotype is lower than expected. Expression of SCR did not rescue the number 




the TF using the GAL4.  Second, the expression pattern of dsxGAL4 is unlikely to be the 
same as the wild type dsx locus. Expression of DSXM in male flies unexpectedly reduced 
the number of sex combs and resulted in abnormal genitals. This result may be due to the 
expression pattern of dsxGAL4 not recapitulating that of the wild type dsx locus. The 
insertion of GAL4 sequences into the dsx locus may affect the expression pattern.  Last, 
not all TF isoforms expressed from a locus were assessed for rescue. UBX protein has six 
isoforms and FRUM protein has three isoforms. In the Ubx and fru rescue experiments, only 
one isoform of UBX and FRUM were used as the control (UBX1 in Ubx experiment and 
FRUMC in fru experiment). UBX1 was able to rescue the haltere phenotype induced by Ubx 
mutation but FRUMC was not able to rescue the fertility of male fru flies. In order to observe 
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Chapter 4. Summary and Discussion 
Summary: The objective of this thesis was to study phenotypic non-specificity of 
transcription factor function. The original experimental design was to study this using two 
different approaches: 
(1) Integration of non-resident TFs into target TF loci (via recombinase mediated cassette 
exchange) subsequent to attP sites having been introduced into the TF locus by 
homologous recombination induced by CRISPR.  
(2) Assessment of the functional complementation of loss-of-function alleles in several TF 
loci using the UAS-GAL4 system to express non-resident TFs.   
 
The induction of transposition of white by CRISPR/Cas9: The initial step of the first 
objective was to introduce attP––y+/w+––attP cassettes at loci encoding proteins required 
for Drosophila body plan determination. To insert the attP––y+/w+––attP cassette at a 
target locus, HDR between a repair template containing the attP flanked site and the 
endogenous locus was to be initiated by CRISPR-mediated DSBs. This modification of a 
locus would then allow the integration of non-resident TFs into the target TF locus using 
RMCE, thereby setting the foundation for further studies into the phenotypic non-
specificity of transcription factor function. 
 
Three w+ transformants were collected from the HDR experiments: two when targeting 
bcd (Bcd 4 and Bcd 39) and one when targeting Scr (Scr-D1). However, none of the three 
w+ transformants were the result of homologous recombination. Bcd 4 and Bcd 39 were 




injected into the w67c23 embryos for the experiment targeting bcd, the w67c23 allele flanked 
by FB elements migrated to intron 1 of the osp gene. The promoter of the osp gene drove 
transcription of w67c23 allele, creating chimeric osp-white mRNA where the reading frame 
initiated from the osp start codon was in frame with the w reading frame leading to 
expression of a chimeric protein that is functional for transport of eye pigment precursors. 
The third transformant (Scr-D1) from the experiment targeting Scr was the result of the 
insertion of mini-white gene of the Scr repair template into the genome. All three non-
homologous recombination events are the result of activation of transposition. 
 
The significance of the results presented in Chapter 2 are four-fold. First, through the 
analysis of w+ transformants, I determined the sequence of the w67c23 allele. The w67c23 
allele has a 130 kb DNA deletion upstream the white gene locus, including the first exon, 
start codon and promoter region of the white gene. The FB-NOF-FB element is in the 
deleted region next to a short piece of duplicated w sequence upstream of intron 1. My 
results show that w67c23 is not a stable w mutant allele. Second, I provide additional evidence 
supporting the idea that the FB-NOF element is a non-autonomous transposable element 
whose transposition is catalyzed by transposases of other transposons (Badal et al., 2013). 
Third, as the w67c23 allele must be inserted into the intron of a gene which is expressed 
during eye pigmentation in an orientation and reading frame that will allow White 
expression, the frequency of the w67c23 allele migration is likely to be 24 to 48 times higher 
than what can be identified using w+ as the marker of migration. Furthermore, the migration 
of w67c23 raises the possibility that all TEs in the Drosophila genome are activated by DSBs. 




CRISPR/Cas9 based genetic manipulations with DSBs potentially inducing mass 
transposition. The unintended activation of transposition by CRISPR induced DSBs may 
result in mutant alleles in genes closely linked to the locus being targeted for mutagenesis. 
Therefore, I suggest that the phenotype of at least two independent CRISPR alleles are 
assessed. Fourth, the w67c23 allele migration event is a perfect example of a well-known 
mechanism important in gene evolution, exon shuffling and transduction transposition, 
which refers to a phenomenon where exons from different genes are transposed into new 
genomic contexts and under control of new promoters (Gilbert, 1978; Moran et al., 1999; 
Moschetti et al., 2004). Therefore, there is the potential that DSB initiate exon migration 
by inducing transposition and facilitating the generation of novel genetic functions during 
the evolution. 
 
Future directions for the activation of transposition by DSBs:. DSBs in the genome 
may activate endogenous TE transposition. This is based on the observation that both the 
injection of CRISPRCas9 and the transposon Bari1 cause transposition of the w67c23 allele. 
This proposal needs further investigation. This hypothesis could be supported by an 
experiment using other genetic editing techniques that induce DSBs, TALEN or Zinc-
finger in  y1w67c23 flies. In addition, w67c23 flies could be exposed to X-ray irradiation, which 
induces DSBs, and screened for the w+ phenotype. Lastly, the induction of P-element 
transposition results in DSBs and could be used to screen for migration of the w67c23 allele. 
If similar transposition events are observed, the hypothesis that DSBs activate transposition 





I also suspect that other transposons that are not marked with a marker like w are also 
activated by DSBs which would be of a larger concern for analysis of CRISPR induced 
mutational changes. Experiments are required to determine the frequency of transposition 
of all TE in the Drosophila genome after DSBs are induced. If the activation of 
transposition by DSBs is high in Drosophila, it will need to be investigated in other insects, 
vertebrates, and humans in particular. The induction of transposition may be problematic 
in gene drive systems for controlling insect pest populations by inducing unintended 
resistant genotypes. The activation of transposition in humans may be problematic when 
CRISPR is used for gene therapy since TE insertions are carcinogenic (Zhang et al., 2015).  
 
Finally, how does the presence of DSBs in the genome transactivate transposition. I 
hypothesize that the phosphorylation of H2Av at the DSB sites overrides the TE silencing 
mechanisms thereby activating transposition. To test this hypothesis, activation of 
transposition in wild type, as well as mutants expressing H2AvSA that cannot be 
phosphorylated, and mutants expressing H2AvSE that mimic constitutive phosphorylation 
could be assessed. Also, the TE transcripts levels could be tested before and after CRISPR 
injection to show that TE expression levels are activated by DSBs. Furthermore, TE 
transcript levels are silenced by piRNAs and siRNAs systems. I speculate that the 
formation of DSBs inhibit the piRNAs and siRNAs silencing systems; therefore, it would 
be interesting to determine the level of piRNAs or siRNAs before and after CRISPR 
injections. Induction of transposition by DSBs may provide an experimental paradigm with 





Differential pleiotropy of phenotypic non-specificity of TF function: The objective of 
Chapter 3 was to study phenotypic non-specificity of TF function using functional 
complementation (where the non-resident TFs are expressed using the UAS-GAL4 system). 
I assessed functional complementation of loss-of-function alleles in six TF loci (lab, Dfd, 
Scr, Ubx, dsx and fru) with at least 12 non-resident TFs. I hypothesized that phenotypic 
non-specificity would be frequently observed and found that lab was rescued by expression 
of DSXM; Scr was rescued by expression of FOXO; Ubx was rescued by expression of 
ANTP and EY; dsx was rescued to differing extents by the expression of a majority of non-
resident TFs; and fru was rescued by expression of DISCO. All the TF loci examined are 
highly pleiotropic, that is, the TF is required in multiple tissues and different stages during 
development. Differential pleiotropy is defined as the distinct behavior of a set of alleles 
of a gene on two or more phenotypes or biological readouts (Sivanantharajah & Percival-
Smith, 2015). In all rescues by the non-resident TFs, I found non-uniform rescue as 
opposed to rescue of all the phenotypes of the target TF. This suggests that the phenomenon 
of phenotypic non-specificity exhibits differential pleiotropy.  
 
With respect to Chapter 3, three results emerge as being of particular significance. First, 
multiple examples of phenotypic non-specificity of TF function in the rescue of TF 
phenotypes were identified. The high frequency of phenotype non-specificity is an 
expectation of the model of limited non-specificity of TF function (Percival-Smith, 2018). 
Second, in the limited specificity of TF function model, differential pleiotropy is an 
expected outcome of the genetic functional dissection of TF function (Percival-Smith, 




Human and yeast (Banreti et al., 2014; Greig & Akam, 1995; Hirth et al., 2001; Lelli et al., 
2011; Percival-Smith, 2017; Percival-Smith & Laing Bondy, 1999; Percival-Smith et al., 
2013; Percival-Smith et al., 2005). The observation of differential pleiotropy is proposed 
to be the result of short peptide motifs making small tissue specific contributions to overall 
TF activity (Sivanantharajah & Percival-Smith, 2009, 2014). Therefore, observing 
differential pleiotropy in the rescue of phenotypes by non-resident TFs may suggest that 
the rescuing non-resident TF may only have a subset of the short peptide motifs of the 
resident TF (each making small contributions to TF activity such that rescue is observed 
for only some TF phenotypes and not others). Third, the conventional experiments 
designed to test TF functional conservation are based on the presumption that TF function 
is specific for a particular phenotype. However, the observation of phenotypic non-
specificity undermines this initial assumption (Percival-Smith, 2018) and changes the 
interpretation of observations of rescue/induction of phenotypes by orthologous TFs to 
supporting rather than proving functional conservation. 
 
Future directions for testing the predictions of the hypothesis of limited specificity of 
TF function: Five of the six TF loci were found to be rescued by a least one non-resident 
TF. A total of 18 examples of non-resident TFs rescuing phenotypes were identified. There 
are two possible explanations of the rescue events. First, the non-resident TF substitutes 
for the resident TF. Second, the non-resident TF functions downstream of the resident TF. 
We have shown that DISCO is not downstream of FRUM, and that DSXM is not 
downstream of LAB. However, this question needs to be answered for the other examples 




observed frequently, which is one prediction of the model of limited specificity of TF 
function. In addition, I have shown that the rescue is differentially pleiotropic, which is an 
expectation of TFs in the model of limited specificity.  
  
The model of limited specificity of TF function also predicts the phenomena of cis-element 
bypass and the phenomena that only a subset of TF regulated genes is required for the 
phenotype. The identification of phenotypic non-specificity with the dsx locus may allow 
testing these expectations. DSXF is required for BAB1 expression in females to suppress 
abdominal pigmentation (Massey & Wittkopp, 2016). Furthermore, the regulatory element 
in bab1 important for this sexually dimorphic expression has been identified (Williams et 
al., 2008). This system may thus allow the testing of the expectation of cis-element bypass 
because I found that EY expression results in suppression of abdominal pigmentation. Does 
EY suppress expression of bab1 as does DSXF, and does EY bind EY DNA recognition 
sites in the regulatory element important for dimorphic BAB1 expression? 
 
In addition, the genes regulated by DSXM and DSXF are well-characterized; therefore, sex 
determination provides a useful system to test whether this subset of genes important for 
male genital formation are suppressed by the TFs DSXF, SCR, LAB and DFD that suppress 
male genital formation (Keyes et al., 1992; Lucchesi & Kuroda, 2015; Robinett et al., 2010; 
Ruiz & Sánchez, 2010). My identification of phenotypic non-specificity of TF function in 
the rescue of TF phenotypes may provide the reagents to test the expectations predicted by 
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w67c23 allele sequence 
Red: duplication from exon 2 to exon 3. 




























































































































Red: white allele 
Black: FB element 
Purple: osp gene sequence 
Bold Purple: duplicate sequence 
 









































Red: white allele 
Black: FB element 
Purple: osp gene sequence 
Bold Purple: duplicate sequence 
 



























Scr-D1 sequences at the insertion site. 
 
Red: White allele 
Black: plasmid sequence 
Purple: 17.6 TE. 
Bold Purple: duplicate sequence 
 
 





















Scr donor plasmid sequence 
 
Black (Capital): pFUS_A Vector 
Green: 5’HA (Scr Exon 2) 
Purple: 3’HA (Scr Exon 3) 
Yellow: yellow  
Red (lowercase): mini-white 
Blue: attP sites, (39*2) 
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From Open access resource: PLOS Biology. 
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